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Fig. 1.1 Schematic view of coastal upwelling circulation (from Huyer 1983). 3

Fig. 2.1 The use of acoustic Doppler shift to measure the velocity of ships at 6
sea dates back to this patent by C. Chilowski. submitted in 1924. Note the
sophisticated 4 beam ,Janus design which is still used for first order pitch and roll

- compensation.

Fig. 2.2 Range Gated Shipboard Doppler System. Four beams (fore. aft.
port ard starboard) equally inclined from the ship's vertical axis acousticallN
probe the ocean. The Doppler shift in backscattered signal measures the relative
velocit. between ship and ocean. Range gating allows depth profiling of
currents.

Fig. 2.3 : A Doppler current profiler which has been bottom mounted for 11
vertical profiling of local currents.

Fig. 2.4 Bottom mounted Doppler acoustic current measurements 11
superimposed on mechanical current meter records (Pettigrew and Irish :19831).

Fig. 3.1 : Depth range of shipboard measurements is shown by the percent of 17
pings for which the profiler electronics indicated valid returns at each range bin.
Two 12 hour subsets of data are shown. one each from 1981 and 1982. Details of
such validity profiles vary with man. factors including location and time of day.

Fig. 3.2 : Variability in acoustic measurements of relative velocity, shown as 19
histograms of the deviations of single ping measurements from 100 ping average.

Fig. 3.3 : Autospectra of ping-to-ping relative velocity measurements for 3 21

subsets of data taken at nearly constant shipspeed while (a) steaming into seas.
(b) on station, and (c) steaming with following seas. Solid line is foreward
v'elocity F. dashed line is portward velocity P. Note peak at surface wave
encounter frequency rising above a white noise background.

Fig. 3.4 Cohereice of F (solid) and P (dashed) with pitch 6 and roll p of the 22
ship. Data in left panels taken while on station (same as middle panel. Fig. 3.3);
data in right panels taken while steaming into seas same as upper panel,
Fig. 3.3)



Fig. 3.5 Expected residual wave induced and white noise in acoustic 23
measurements of relative %elocitN after block averaging, as a function of
averaging length.

Fig. 4.1 Sample time series of measurements. Top panel shows the 35
acoustically determined relative velocity V. middle panel shows d* 0 'dt from
LORAN-C. Bottom panel shows the sum of these, the fix-to-fix current
measurement u.

Fig. 4.2 : Spectrum of fix-to-fix current measurements for v (solid line. 36
alongshore current. 317 'T ) and u ( dashed line. cross-shore current. 47'T ).

Fig. 4.3 Same as Fig. 4.2 except normalized by sin ,rfAt. White noise in 36
LORAN fixes yields a flat spectrum for fix-to-fix currents under this
normalizat ion.

Fig. 4.4 : The mean square error in filtered fix-to-fix current estimates 43
(cmr sec f) is predicted as a function of filter length (fix intervals) for 3 filters
using Eq 4.39. the spectrum of measurements (Fig. 4.2) and the inferred noise
spectrum. increased estimation error at short filter length arises from
underfiltering of noise. uhile rise at longer filter length arises from suppression of
true signal. The least squares filter achieves its minimum mse most rapidlN.
while the TukeN arid truncated sinc filters suppress less signal in the case of
overfiltering (i.e. where the statistics of the signal deviate from the assumptions
of the objective analysis).

Fig. 5.1 : CODE 2 (1982) moored current meter arra.. Table 5.1 provides 47
details on instrumentation at each mooring. Also shown is the location of wind
buo) NDBO 46013.

Fig. 5.2a : Comparison of all DAL current measurements (alongshore 51
component) made within 1 kr of a current meter mooring with the simultaneous

current meter measurement. At both 20m and 35m depth. over 1000 pairs of
measurements are plotted. See Table 5.2 for a statistical summary of these
results.

Fig. 5.2b Same as Fig. 5.2a. except for cross-shore components. 52

Fig. 5.3a Average DAL cross-shore and along-shore currents u and v along 54
the Central Line at depths of current meters (20m. 35m. 53m. and 70m). as a
function of cross-shelf seperation from the C3 mooring. Stars show current meter
averages at C2. C3 and C4 over same sample times. Note the strong mean shear
in v and divergence in u across the shelf.



Fig. 5.3b o(;rrelation betweei sin, ,lhaneous DAL and C (urrent ienier
currents as a function of cross-shelf seperation from the C" mooring. Dashed line
gives 95"( confidence, level for correlation over available samples. Stars show C3
correlation with current meters at C2 and C4.

Fig. 5.3c : Root mean square difference between DAL and current meter 56
currents as a function of cross-shelf seperation. Stars show C3 rms difference
from current meters at C2 and C4.

Fig. 6.1 : Alongshore component of surface wind stress (dynes cm2 ) at NDBO 61
46013. computed from hourly wind mneasureinents. The hourly stress values were
low. passed using a filter with a 40 hour half power point.

Fig. 6.2a : PrimarN grid of CTD stations for CODE. Stations on each line are 62
numbered consecutively from station nearest shore. The Irish Gulch line was
sampled by CTD onlN during 1982. The 1982 Central line was some 3 km south
of the 1981 line. See Appendix for times occupied.

Fig. 6.2b : Secondary grid of CTD stations for CODE. Stations lie along the 63
50 and 100 fathom isobaths. and are numbered consecutively from northern
station. See Appendix for times occupied.

Fig. 6.3a : Number of observations at each depth (m) and distance from shore 64
(kn). Each observation was made along one of the primary CTD lines in
Fig. 6.2a following the spring transition to upwelling.

Fig. 6.3b : Average cross-shore and alongshore currents u(x,z). v(x.z) (cm 'sec) 65
over the observations of Fig. 6.3a.

Fig. 6.3c : Standard deviation of fluctuations in u(x.z), v(x.z) (cm/sec) for 66
observations in Fig. 6.3a.

Fig. 6.3d : RMS expected error of the average of u(x.z). v(xz) (cmsec). 67
assuming observations in Fig. 6.2a are independent.

Fig. 6.3e : Vertical shear in the mean fields ci /z, &V /az. First differences of 68
the mean fields (Fig. 6.3b) were smoothed using a (3,.3) triangular weight filter.

Fig. 6.3f : Cross-shore divergence iiu/x and shear ~v./ax in mean currents. 69
calculated as in Fig. 6.3e. Values enclosed in boxes are significantly different
from zero at the 95c7( confidence level, assuming errors in the mean are given by
Fig. 6.3d and that these errors are independent between adjacent bins. The
latter is almost certainly optimistic.
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Fig. 6.4a Average u(x.z). v(x.z) along each CTD line. Note the jet in the 7(0 "
average alongshore current v. the core of which intensifies and moves offshore
from north to south.

Fig. 6.4b Standard error of the mean for Fig. 6.4a. 71

Fig. 6.4c Standard deviations of u. v about the means in Fig. 6.4a. 72

Fig. 6.5 Alongshore divergence Ov dy between pairs of primary CTD lines. 73
Values which were non-zero at the 95 confidence level as discussed in Fig. 6.3f
are boxed.

Fig. 6.6 : Principal axes of fluctuations about the mean currents on each CTD 74
station. Where fluctuations are nearly equal. the orientation of the principal axes
is random.

Fig. 7.1 : DAL currents at depth of 28m. obtained during a survey from 83
26 April 0045 to 28 April 1400. 1981 (all times are UT). plotted over a NOAA6
IR image from 27 April 1611. Tic marks every 30 minutes of latitude and
longitude (56 and 44 km respectively) and a scale vector for the currents are
shown. Pt. Arena (38" 57' N. 123" 44 ' W) serves as a landmark. Lighter shades
correspond to colder water. For claritN of presentation all measurements within
a 3 km radius have been averaged. Note the concentrated zones of flow in which
cold water upwelled at the coast iE carried offshore. Such flow structures may
make significant contributions to the property transport budgets in the coastal
zone.

Fig. 7.2 : Same as Fig. 7.1. except for ship survey of 2 May 1800 to 6 84
Nay 0330. 1981 and NOAA6 image from 6 May 0345. Survey was made during
a period of sustained strong equatorward winds (Fig. 6.1). Compare with Davis'
Fig. 5 (1984a).

Fig. 7.3 : Ship surveN from 18 May 1600 to 22 la% 0300. 1981. NOAA6 85
image from 20 May 1550.

Fig. 7.4 : Ship survey from 23 May 0100 to 25 MaN 0600. 1981. NOAA6 86
image from 20 May 1550 (same as Fig. 7.3).

Fig. 7.5 : Ship survey from 20 April 1600 to 22 April 1200. 1982. NOAA7 87
image from 24 April 2210 (note delay from survey time). This flow occurred
during a cessation of winds following a period of strong southward wind forcing,
ard is dis ckvsed in .ecirt k 7.3.



Fig. 7.6 : Ship sure% from 22 April 1400 to 24 April 1130. 1982. NOAA7 88
image from 24 April 2210 (same as Fig 7.5).

Fig. 7.7 : Ship survey from 9 July 0300 to 10 July 1730. 1982. NOAA7 image 89
from 9 July 2211.

Fig. 7.8 : Ship survey from 11 July 1100 to 13 July 1400. 1982. NOAA7 90
image from 9 JulN 2211 (same as Fig. 7.7).

Fig. 7.9 : Ship survey from 14 July 1400 to 16 July 0920, 1982. NOAA7 91
image from 14 July 2254. Wind forcing was very strong and increasing during
the survey period. Note the strong current magnitudes and shears across the
northern transects.

Fig. 7.10 : Ship survey from 16 July 1730 to 18 July 0845. 1982. NOAA7 92
image from 15 July 2241. Survey was performed from south to north: winds were
strong to moderate along the Central and North lines, but had calmed to airs
during the surveys of the Arena and Irish Gulch lines. Northward flow at the
inshore ends of the CTD lines is seen. although the flow at the offshore end of
the two northern lines remains strong and strongly sheared. Note the developing
eddy along the North line.

Fig. 7.11 : Ship survey from 19 July 1900 to 22 July 0400. 1982. NOAA7 93
image from 22 July 2259. Winds were calm during the survey of southern 3 lines,
but were moderate to strong along the northern 3 lines. The eddy along the
North line has developed strongly. Davis (1983) shows tracks of surface drifters
which circulated in this eddy for a week and more. making several circuits.

Figs. 7.12 : Cross-shelf sections of alongshore current with depth during the 94
wind relaxation of April 1982. Sections are from the five primary CTD lines.
plus a CN line midway between the Central and North lines. Plusses show
location of measurements. Contour interval is 10 cm,,sec. Equatorward currents
are shaded.

Fig. 7.13 : Alongshore current v(x) at 28m for the 4 Central line occupations 95
from 20-24 April.

Fig. 7.14 : Cross-shelf sections of -Iongshore currents with depth for the four 96
surveys of the Central line from 20-24 April.



Fig. 7.15 Time series of moored measurements showing alongshore 97 "
component of wind stress - at NDBO 46013. and temperature difference and
i) az between instruments at 5 and loin depth at C3 vs day' of 1982.

Fig. 7.16 : At least 4 large tongues of cold water are seen in this NOAA6 IR 9S
image of sea surface temperature between Cape Mendocino and Pt. Conception
(image provided by Pierre Flament).

Fig. 7.17 : Currents at 28m depth from offshore survey of 4-10 July 1981. 99
overplotted on NOAA6 IR image of sea surface temperature from 8 July.

Fig. 7.18 : Currents at 28m depth from offshore survey of 22-26 July 1982. 100
overplotted on NOAA7 IR image of sea surface temperature from 22 July.

Fig. 7.19 : Ship track during 1982 offshore survey, indicating locations of 101
sections through the cold water tongue. Clouds obscured the area during the
actual survey time, and the location of the front and detailed structure of the
temperature field were not available from satellite IR.

Fig. 7.20 : T-S diagram from underway thermosalinograph during jet survey 102
(data kindl. made available by Pierre Flament. Libe Washburn and Larry Armi).
Sampling depth is approximately 5m.

Figs, 7.21 : Across-jet sections of along-jet currents through the cold tongue 103
and adjacent waters. Also shown are the temperature, salinity and density (as
trp) at 5m depth from the underway thermosalinograph (data kindly made
available by Pierre Flament. Libe Washburn and Larry Armi).

Fig. A.1 Central Line occupations vs. day of year. 109

Fig. A.2 Elk Line occupations vs. day of year. 110

Fig. A.3 Irish Gulch Line occupations vs. day of year. 111

Fig. A.4 Arena Line occupations vs day of year. 112

Fig. A.5 North Line occupations vs. da. of year. 113



Fig. A.A Poss Line occupations vs. dax of .ear. 114

Fig. A.7 Fift Fathom Line occupations %s. day of year. 115

Fig. A. Hundred Fathom Line occupations vs. day of year. 116
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Pulse ierigtfh- T 20 msec
rarnge bill.N 10 msec

beami anglec 01 30" from vertical

beam .kid th - 2' to 3' from centerline-
transducer depth z.- 5 m

Table 3.2 Range Bin GeometrN

ri range bin number 1.2..32
speed of sound

-range to head of pulse after time t c(T -t)

range to tail of pulse after time t ct

duration of range binr (n- O)A- to nA-T

For te ntrang binNominal value (Ml

center range (c 2! (-)7 3.8 75

center depth (c, 2)(--_ (n -) ar )coCO5O-jzC 8.30 6.5n
S2 2

range~ extent of returns (c '2) (T -Ar ) 22.5

range extent continuousl'. ensonified (c 2) A7 .

depth extent continuousl'. ensonified (c,'2)Arcosac 6.5

greatest range sampled c2)T(-)A 7.5(r) -I
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Nilak inrg shiil ard 'stiiia e of i' urerit profils req o re knrowing

Ix (1). the- iri4trurrirri posliol as a furion of tour, arid

'2) AWz~ 1. rthe rilaivu xelcit

in tii ccilot \%% I(isius- 'i~ rriiasurerleri s miade diuring (C1)E to obtain thleise data.

itleoig' s;pital at liit iou to idenitifig poteritial sources of error. Iii thle next chapter.

t lii'' dta x%kill lie Iusedl to vi'stm mtehle fid of currents u(z.t :x,)) -- u. Following that.

ilif (llrreit, irnferred frorin ilie sriiploard s> stern "~ill be compijared wvitih nioored current

i iii'I t iltr i(iuri it)ii i- i n ( a ip te c7

3.1. linstrumentation

Tlf tiara acqurisition systeml for ths situdy was diesigned arid inriplrniertvid b)
Ilo vi Iiir. Trif acouist ic meiasurremenlts were mnade fromr th Pi I \ \\ ecinia using" a

)iritot v of rio Ariee-St raa I)CI415. cont rolled fromr a (:onirriodoru PET 21)1)

iotrw comrpuiter. (Operatirng cliaract erkists of Ilie acorist c sxst err are gieri it, Table ".

'lire ex en 0.63 sri. a 300 MYl acoustic pulse (if 21) niise durat ion xx as t ransrrititd. liii

IDopprler shiifr in t lie acouist ic ret urns, was mreasured Ib\ ilie Arriet ek elect riliics- for i-act

bteatr iii 22 range bins. each of duration Ar 10l ruse'(. Table .- gixv e ( t n romrinral

Co)rrv'Splindirice bet wen rarige bin and ph>ysical (lipthus. Theii rriistlriert ini vacl

range( bill also contained a "quality''fag to iridicat lie' her liii freqii'rii cet ection loopJ

%%w as be d. Thie ship's heading (frorn thle sliip's Spiurr, \1Nk.3 4.trasr er gy rocorrmpass).

oce,(anl retrperatutre at t lie rarisd ucer. arid tirno ( froti tlw ilteial P121 clock) wecre

recorded for eachI pulIse. For ever, Wt) pitu isi lytjiirii it on",1(1 per ridDInut). a

LOR A N( fi v.n a>t.akeri fromt a Ntnrtli-i ar AM$i ~ r ir~w Ili add it irt. dir rinrg CODE I

I 9s I. gkr riicopic rreasilremnii of picr ari rb "m i atripid 1( Wmi"ie per pinig. will

16 rnrsec blt xi''r satriple-. All dataxii yc , iiieb xithnir furt her processing onto 9

rkt( k riagriet ib apt

3.2. LORAN-C

Niva,ijreriwrt (f to( hjip'at kiid oh arid lonigitudie 1, froni a Nortlistar 50100

LOUAN-( T(i., -r iT xx e r(,'ririle i firiiighiiiit It( e~xjrririieti an intervals of approxi-

rtiatix 71) f-cidl'. 1JI? \\-( i- the Ht)ig Hanige A.id to) Naxigationt rietwkork miain-

raiild b\lixte S i istGard. It errio>, ktix freqiinc> 1100 klizl radio signials to

piix un a Ii> pi Tlic twigatoit grid. 11tWsitin oni t li> grid is defined hb ilie differences

in Tee iptior timeO of s richironi/ved signals tranismit ted fromr at least thirer well separated
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P~et i I greN a itd I rishI 19S3 i 1 la% c miad( currentI itwas I Irerierit I&t Ii a four beain

acouisti DCIopplecr inlst rumen im illar in in ost respects to (IHil olie diescribe)(d ahov c. thle

miajor difference being that their svst erii s designed t0 Miake Mieasu remietts front a sI a-

ilonar% platform. The t ranisducer IS attaChed Inl anl Uipward-lookiiig configiirat loll to a

framec which rests on IIIie sea floor (see Fig. 2.3). i F ig. 2.4. hiourI.% a~erages of cuirrent

tiicaso irernien ts frorn their Dopplecr syst eim are- plot ted a long will simlIt anieous hlN~rI

a' erag(' ri asurertien ts fromt a string of moored current met ers located approxinmat elx

300rii awa% - The st rikingr agreement betwAeen the timneseries indicates that D~oppler back-

scatter provides reliable mteasuremients of ocean floA velociiles relative to the transducer

for floA speeds up to1 order 30 cmn sec.

Mount ing the instrument on a movable platform such as a ship introduces a

number of complicat ions. In particular. to obtain oceanl currents the platform rotat ion

and translationl must be removed fromi the measurements. Tisl- requires introducing

Iimperfect mueasuremnent s of the platformi muot ion which add error to1 the final result.

Aniot her import ant difference is that the acoustic environmnrt at the shilp's hull is mruch

miore variable than that found at the sea floor. Furthermore. since the ship can move at

speeds wkhich are onie or two orders of niagnit ude larger than the currents. signal-to-noise

hi nutat (in5 call be severe.

This discussion has glossed over a nu~mber of important details. For example.

Eq 2.1 is onjlN art approximation to the D~oppler shift: refractive effects from sound-speed
gradienIls ditd current shears have been neglected completely, as have second order alid

higher term-rs in V c. Numerical solutions which include these effects have been

explored onl a case by case basis in work with Regier. In general. neglect of these factors

does riot cause significant errors in the determination of V when a four-beam Janus svs-

tern is used. TheO sarne cannot be said, however, for other beam geometries, such as the

three-bean Jlanus system . M\oreover. the effects, of finite beam width. side lobe levels

and multiple scattering have been ignored. Rather than exhaustively catalogue the

pot~ential errors, we shall turn to examination of the measurements themselves.
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The spat ial dependence of the relative velocit\ V(r) in Eq 2.2 comes entirely from shears

in the current field. a max be seen from Eq 1.2. Since the currents are expected to be

'erti('all. sheared. %e expatd V(r) about its value directIN belo. the ship. With

r - x ': 3Ey
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the Doppler shift (2.2) at line -can be %%ritten for each beam as
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where z ' T r)cosoc, is the quasi-vertical coordinate. If we denote the corn-
2 2

ponents of V b\ (F.P.H) as in Fig. 2.2. then

F Aft()-- f (') -o( z ')
2f(, 2sirno(, ax

p17') C Af2( ') -".f4 () )ll (

C A I i, --?,( . (2.8)
(z ') _k 02sitaro 00

- .-f()-Af 2 (()-A--f 3'(r)-.--f 4 (r) . (z'aV0 arF aP
H(z 2f, 4coso 0  xa x -- y) )-

Thus. b\ combining the measurements from complementary beams the three components

of relative velocit\ can be determined as a function of z'. the quasi-vertical coordinate.

Turbulence and high frequenc internal waves act as noise to this determination by

adding short scale variability through the terms on the right hand side of Eq 2.8.
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Fig 2.2 Range Gated Shipboard Doppler System. Four beams (fore, aft, port and

Sstarboard) equally inclined from the ship's vertical axis acoustically probe the ocean.

The Doppler shift in backscattered signal measures the relative velocity between ship

and ocean. Range gating allows depth profiling of currents.



T[here is a wide xarit of acotustic targets, In the ocean incl udinug zooplariki on

air bubbles. fish and t he ocean bot torn Itself. L'ath suichi target taan cont ri hut eniergP to

the batkstat tered signal reachiung the transducer, at a D~oppler shifted frequeric%

correspori ding to( it,, own relative velocit. '%', Thus, in additijon to the unicert aint% in

freq uenic\ nmeasu remre nt In troducted b.\ short resol ut ion timne at each depthi. the signal

hard at the t ransdurcer wvill conitaini a spectrumo of frequencies dlue to the range of target

N elocit e.If tile %eloctt of the target thIirough the water is random. t henr averaging

over mnans scattering vents Yilsa spect rumn whith is cent (red at a D~oppler shifted fre-

queric.\ corres pond ing to V. the relative velocit v of the water.

Bietause the( acoustit eiergx is t ranrsmritted as a short pulse of duration T. the

ret urns heard at an\ givenj timue -,after tranisnissionr must have scattered within the par-

cel of water at ranges, C7 2 to c(T - ) 2 alonig the beamn. Return-, heard at longer r were

scatitered fromt furt her down-i the lbearni. Thus b\ mecas uring the D~oppler shift as a furic-

ionl of -,It is possib~le to profile the alonig-bean componient of V as a function of along-

bearn distance.

2 f,

ri - (2.2b)

Ini practice, the returning signal is range gated - analyzed in discrete blocks of time A-,

called range biris - rather than continuously recorded. This allows a finite time t~o

resolve the D~oppler shift. Note that allowing longer A7 increases the accuracy with

which t he spect rumn can be resolved, but decreases the range resolution.

The full relative velocity vector V can be determined as a funiction of the verti-

cal coordinate hx. using several beams, provided that V changes primarilx along the vert-

ical sv mnrt r\ axis of the beamns. This ma% be seen b\ adopting a coordinate systemn

tied to the ship. with origin at the acoustic transducer and coordinate axes which point

along the fore. port arid heave direct ions )V.'. arid i' respect ivel.N (sec Fig. 2.2). In

these coordinates II( lie I beani direct ion is

cos~Irj~,IZ - s'1injsin~y COS(111 (2.3)

where I,- is the azimut hal angle. and (kj is the elevation angle. of the ith beam. For the

four-beam Janus system. these angles are

C) 1.2.3.4 (2.4)

2

U so that
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June 28 1932. C CHILOWSKY 1,864,638
METHOD AND MEANS FOR THE OBSERVATION AND MEASUREMENT OF THE
SPEED OF A VESSEL BY DIRECTED BEAMS OF ULTRA-AUDIBLE WAVES

Filed Dec. 13. 1924 3 Sheets-Sheet I
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Fig. 2.1 :The use of acoustic Doppler shift to measure the velocity of ships at sea
* dates back to this patent by C. Chilowski, submitted in 1924. Note the sophisticated 4

* beam Janus design which is still used for first order pitch and roll compensation.
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Clapter 2

DOPPLER ACOUSTIC LOG

For this study V(z). the relative velocit. of the water as a function of depth.

was determined acoustically using a commercially available instrument system (Rowe

arid Young. 1979) which we shall call the Doppler Acoustic Log. or simply DAL. The

reriote measurement of velocity using a Doppler shift has a long history: applications are

found in fields ranging from astrophysics to la% enforcement. Meteorologists for some

time have used the technique to remotely measure winds from ground based radar sys-

tems (Lhermitte. 1973). Since 1972. R. PinkcI of SIO has applied it to make oceano-

graphic measurements from the quasi-stationar% research platform FLIP. Most recently

Regier (1982). Joyce et al. (1982). and Joyce and Stalcup (1984) have used the technique

to make shipboard current measurements.

It was realized as early as 1924 that the Doppler shift could be exploited to

make a "speed log" for ships. B measuring acoustic backscatter from the ocean bottom
or from the water column itself and determining the Doppler shift between transmitted

arid received signals. the velocity of the ship relative to the scattering medium can be

inferred in a manner to be outlined below. The original design concept for such a log.

shown in Fig. 2.1 (Chilowski. 1932). already employs the sophisticated four-beam Janus

configuration still in use today.

.In the modern instrument used for this study, an acoustic transducer mounted

to the ship's hull simultaneously transmits a short pulse of acoustic energy (ping) of well

defined frequencN f0 along four beams, each inclined 30' from the ship's vertical axis.

pointing foreward. aft, port arid starboard. As each pulse travels down its beam. it

"ensonifies" successive volumes of ocean along that beam (Fig. 2.2). Acoustic targets

within the ensonified volume may scatter a portion of the incident energy. and a portion

of this scattered energ will be directed back toward the transducer. The motion of

those targets relative to the transducer will induce a Doppler shift Af = fR-fo in the fre-

quenc% fF, of the backscattered erergy received at the transducer. If the relative velocity

bet 'en target arid transducer is VT and the speed of sound is c. then, to first order in

V2

._f (v ,.-fl) (2.1)

w here r, a unit vector along the ith beart. To this order of approximation, the Doppler

shift is therefore a nieasure of that corponent of the target velocit.N V, which lies along

-- iethe acolst ic bearn direct ion

K .5
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Since the measurements for this study come from instrumentation which is

somewhat novel, we first address some questions regarding the accuracy of the tech-

nique. The importance of such questions may be readily appreciated, since the currents

are inferred as a difference between two directly measured quantities dxo/dt and V, each

of which may be much larger than the current. For example, to measure currents to an

accuracy of I cm~sec from a ship travelling at 10 knots (approximately 500 cm/sec),

both dx 0 dt and V must be measured to an accuracy of 0.2%. After a brief introduction

to the shipboard Doppler system in Chapter 2, the Doppler and collateral measurements

are examined, questions of accuracy are explored, and considerations required in

* . transforming the shipboard referenced measurements into an Earth-fixed reference frame

are discussed in Chapter 3. In Chapter 4 Doppler measurements are combined with
navigation data to extract the currents. Chapter 5 presents a comparison of measured

currents from the shipboard Doppler system with those made from moored current

meters. With this background we then look at the ocean measurements collected during

- the CODE experiment in Chapters 6 and 7, where the quasi-synoptic field is mapped

and the spatial variability in the mean field and several interesting event scale features

are described. We find that the synoptic view of ocean currents shows an astonishingly

rich field of energetic eddies and jets which actively transport, upwelled coastal water

-" offshore. These features of the synoptic current field occur over a wide range of scales.

The mean field. on the other hand, resembles the rather smooth earlier findings shown in
Fig. 1.1.
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inttruiniet call saripiv different locations becones the ne". less restrictive. constraint on

the set of (x.'. z.t) poinrits which can be studied,

O.er the past t, o decades. moored current meters have been used to intensivel\

't rud% tt, current field in coastal upwelling regions. Fig. 1.1 shows a schematic picture

of the up, elling circulation which has been derived fron such measurements off Oregon

(ltiier. 193). Lquatorvard wind forcing causes offshore transport of warni surface

v. ater in a surface Ekiman bounidar\ laver. To replace it. cold dense waler at depth flows

tow'ard the coast. This cold water surfaces in a band near the coast. The alongshore

ciirrerit. ar described by a surface intensified equatorward jet. whose vertical shear is

geostrophicall\ balanced b\ cross-shore derisitN gradients induced by the upwelling.

Flov~ing counter to the direction of wind forcing, a poleward undercurrent is seen at

delth. Models of this circulation usually assume that gradients in velocity are small

enough that advective ternis can be neglected in the momentum balance, and that

alotgshore- variations of the currents are much smaller than cross-shore variations

( Allen. 19 )).

\\hen spatial variability can be determined synoptically. this simple picture

dcri ed froni moored instruments gives waN to a much more complex one. Satellite

iniiage - of sea surface temperature show cold upwelled water, rather than occurring in a

, i tn li band along the coast, forms very complex patterns with strong alongshore varia-

bihl%. I pmvJJJng centers, patches of coastline with intense upwelling. have been

ot,,vi-\ed it, hiani locations (see Brink. 1983). Tongues of cold water extending several

htidred kiloneters out to sea have been recognized along the west coast of the U.S.

(Be.rnstein. et al. 1972. Breaker arid Gilliand 1981. Traganza. et al. 1981. Kelly 1983).

Be(ause these features are hard to studN with moored instruments, little is directly

knowr about the strenigth or structure of the circulation which forms them. If the

features are associated with strong currents, the\ maN represent important pathways of

exchange betw e en coastal arid offshore waters.

)uring the Coastal Ocean Dynamics Experiment (CODE). a broad range of

techniques, were applied to the measurement of ocean variability in the coastal and

offshore waters of Northern California during the spring and summer upwelling seasons

of 19SI arid 1982 (CODE Group 1983). In addition to extensive moored instrumenta-

tion. a major effort was made to resolve the spatial structure of the upwelling fields

through the use of satellite infra-red (IR) imaging for sea surface temperature. aircraft

mappinig of sea surface temperature and meteorological data, a large program of drifter

measurenlents. as well as shipboard DAL current profiling. This studN reports the

results of the DAL program.

U



Chapter I

INTRODUCTION

The shipboard Doppler Acoustic Log (DAL) to be discussed in this study is a
he\ tool for the measurement of ocean currents. By providing vertical profiles of
currents over the upper 150m of ocean at points along the ships path. it allows th(-
ocean to be sampled in a way which is fundamentally different from moored current
meters or drifters, the instruments most commonly used for current measurement. This

instrument is used to examine the circulation in a region of strong coastal upwelling off
Northern California. where it reveals an unexpectedly energetic and spatialN complex

synoptic flo%\ field.

Consider the general problem of measuring the current at the water parcel
whose coordinates are x,,,(t) using an instrument whose location is xO(t). explicitly a

function of time. B a simple identity

dx, dx 0, d(x,. x0) (1.1)

dt dt dt

In the notation which will be used throughout this study. Eq (1.1) may be rewritten as

dxc,
u(xo-r) - d V(r) (1.2)

where

r x -x

u(xo-r) = dx,/dt

,7i "V (r ) _ d (x w - x ),/dt

The current u at the measurement point x0 -r must be determined from the sum of two

terms. One. the relative velocity V(r). is the velocity of the water parcel relative to the
.0 instrument position. The other. dx 0 /dt. is the velocity of the instrument itself with

respect to the Earth. Moored instruments and drifters each measure only one of these
terms. and ar(' engineered to make the unmeasured term. dx 0,dt for moored instruments

S.. and V for drifters, negligible. This design constraint places limits upon the types of
variability which each instrument can sample. Although ocean currents vary in all three

* spatial dirmensions as well as in time, a moored instrument samples only the temporal
variability at a single location. while a drifter samples the time and space variability
only along the path of a single water parcel. For an instrument such as the DAL. which
directly measures both V and dx 0 idt. these constraints on possible sampling trajectories

are removed. allowing mapping of the current field. The speed with which the
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t loca-t ioi-. 'I'lie rvcviver' lit (rnl soft%%~ art, cont i o,- 1i loll fronijt Iii ( IA)II A N grid t o A

arid L. The S.%st erii *s ad \anitages lie Ili it s mx Ric (o\eragc arid]co (Oi iiiiai % ~iail ahiI it

LORAN-C Fixes~ are subject I (I a ruio kler of first order errors . IMii idiiig duial

so1lut ions arid cceerrors (lane jorlips). lDual solut ions arise Wt\hii oiilx\ t wo lire dvlIa.\

11las~i'rHIeIt S (thlree t ranisinirters) are availahl .~ Snce thle iIIe( oif positions %O h y\ield

a, given little dela.N Is a hyperbola, arid lix perholae form closed cuorves or, a sphere. two i

hles (if pwosi. Oil will intersect at two distinict point s Ini gerieral. arid thle intersect' ion

corresponidinrg to the receivxer locat ion roust he selected. Thel( solutions are oft en x el

separated. in w.hich case selection of the proper one is cas.\. Cx dc errors are discretc

iff'st ii the t litl delaN mreasureenit by mlultiples of 10 (Ijsec.Thx curm tcoi

4 rrion1l1 when the signal is weak. arid are caused b\ the mnisident ificat ion of the arrival

irrie of thre pulse. defined bN thle third rising zero crossing of tire 100 klHz carrier wvithin

the pulse. If the wrong zero crossing is tracked, the time delay measurement slips b\ ant

integral iiuriber of carrier periods. SuchI a jump usuallx results Ii a position displace-

rnienit (if several riiles . ar(l so is, easilN detected. Since Lie LORA N-C time delays were

recorded along witl tie Northlst ar \ arid L. cycle errors were corrected when they

oiccu]rred b.N correcting thle t imei dela\ arid recalculating the associated position change

uising t lie, alorir hin of Canipbell (1968). This procedure was also used to correct for

tiliii(' when thle secoiidarxN solution was erroneously recorded.

More subhtle errors also mat be present in LORAN-C position data. For exam-

ple. thle t irrie a pulse takes to reach the receiver depends not only or) the path length but

also onl radio wvave propagation speed. which In turn depends on conductivity alonrg the

pathI. Day night (Dean 1978) and land 'sea path (Johler el at. 1956) differences may

thus be impJortant. Another concern is that the data are internally filtered by a

6 proprietar\. arid thus unknown. sciene before being output by the receiver. .An\ lag

produced in posit ion during accelerations could serioujsly affect the usefulness of the dlata

for det ermnining ocean currents.

Thel( rmo~st direct mneasure of accuracy for LOIIAN-C fixes comes froni tile varia-

* hi ItII inI fixes taken at a single location . Soucli data were obtainied over anl eight hour

F - ~~period xv lile tlie- ship was docked at Yerba Buenia Island bet wer cruises,. ( An i niterrup-

tiloll of slii ps poxe r aborted tire data col lection inuch earlier t han plainined .) The rms

noise during this test was, 13 rn in latitude and 27 minii longitude. The principal axis of

variahilit x was along 249"T: the major and myinor axis rrns errors were 29 in arid 8 nli
4 ,a

respectivelx . No significant serial correlation was found between successive position

errors over t lie samrple of 62 fi xes. spaced S.5 minrit es apart.



Thie., accirrac.\ est irrics~ ar(, likel\ to) be oiptimist ic for our purposes . silice t Iie%

do riot irice coriributl ori, front receiver rilotioil arid prolrabl\ uridersarnple long terril

%alblt.Thu usino positio lag dunring ship acceleratiorns due to irtrrnal filter-

irig Was Vxaniiiirid b\ com putinrg lagged correlatioris het%\e en the ship v eloci t as rrIela,-

u red b\ lie acoustic svsr erri aril ship velocit inferred frorii LOR-IA*\-(' Fixes. An\

flIt er-n rd uced lag %kould( sho\% nIII as arn asyn irmr r bet weern positiye arid uiegat iv lagged
correlatios Noscrimer %,fud for lags separated b\ the samlnpeido

70 sec. Therefore, for our analysis we shiall assumre that the LORAN yields posit ion

mreasurernint s which cont airi errors of oirder 10 to 30mn arid that these errors can Ibe

- . model led as white noise. I.e. u ricorrelat ed in time.

3.3. Thermistor

A manufacturer supplied thermistor provided ocean temperature data at the

dcoinst ic trarisdurcer. This dat~a was used in the estimationi of sound speed at the t raris-

ducer. Ula.\ arid Nledwin (1977) write for the speed of sound (ITn sec)

c 1449.2 - 4.6T -- 0.055T- - .00029T"" (1.34 - 0.0]0T)(S 3-5) - .016z

where T'. S arid z are the temperature in 'C. salinity in ppt. and depth in mi. Thus a rise-
it rerriperature of F-C increases the sound speed 0.3(7(: arn increase in salinity of I ppi
results in a 0.1('(' increase in c. From the range of variabilit\ seen III surface temperature

arid salirrir m~naps in the ('OL)E region ( e.g. Fleischbein. Gilbert annd Huyer. 1982)

corrections, to the sound speed due to surface salinity changes are at or below% the 0.(

level, hence niegligible. while the corrections due to temperature variabilitN cafi be 1(r' or

more, hence essential. SneIls law implies that vertical variability in c. while larger than

horizontal variabilitM. does riot affect tire right hand side of (2.1) for thre hiorizontal corm-

ponent s of V which are of i. terest.

The thermistor data also provides an uniderwa\ map of near surface tempera-

ures concurrent with the acoustic data. The data quality was e'stimnated b\ comparing

tire rneasuremer(nts wvith CTD temperature profiles for Leg 4 of CODE 1. Only stations

0 for w.hich the upper water column was well mixed were used in making the comparison.

The therrristor temnperatutres showed a mean error of 0.4"C. The rms variations about

this mean difference decrease with time on stat ion. implying t hat thle thermistor is iris-,l

laned bN the acoustic transducer head. The time history of some of the larger differences

* r ~idicat es anl ex poniential decay tirne for equilibration of order 20-30o miinut es.
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3.4. Data Valid Flag/' Depth of Acoustic Measurements

lo exclude grosslk erroneous data. acoustic velcit.' estimates at anm depth Aerv

rejected unless all 4 beanis shoAed the "data valid" flag set at that dept l. This flag. set

b\ the .\netek hardware, is an indication that the backscattered energ received at the

transducer \\a. sufficient to resolve thw Doppler shifted peak of the spectrun.

Fig. 3.] sh,\\": hoN% the average data quality over a 12 hour period, as iridicated

b this flag. varied as a function of depth for 2 subsets of the data taken in water at

least 500 in deep. "Ihic details betweelt closely spaced vertical profiles can var. but in
general there is first a region near the surface for which the data quality is poor. next a

broad region where data qualitN is excellent. and finallk a region in which the data qual-

it diminishes with depth.

Since the intensity of scattered energy falls rapidly with distance from the

scatterer, it is not surprising that data quality diminishes with depth. It is conjectured

that the near surface region of low validity is associated with spectral spreading caused

bx scattering from bubbles or directly from the ships hull. A remarkable example of

how scattering strength car, vary in unforeseen ways is reported by Cochran arid
Sanivt o (1983).

3.5. Bottom Reflection

Since CODE was a coastal experiment, acoustic data was often collected in

waters for wvhich the bottom depth was less than the acoustic range. In such regions. it

was necessary to exclude signals reflected fron the seafloor. The profile of received

pov %r may provide a straightforward means of accomplishing this. but such measure-

ients proved unreliable during the experiment. Screening was thus performed on each

average profile based on the bottori depth estimated from the ship's posit ion.

in the CODEU region. an efficient computer routine was developed for interpolat-

ing a digitized bathyvnietry. using LORAN-C fixes for position. The accuracy of the

predictions, by coniparison with depth sounder (PTR) measurements, was markedly

improved bx adjusting mteasured LORAN-C positions 0.3' north atid 0.25' cast. This is

consistent witIh a comparison of satellite vs. LORAN-C derived positions. After adjust-

gment of IL()t{AN-( positioii,. tie rmis accuraco of the depth predictions within the DAL

depth range was 2.5 ii. or less than I range bin. Outside the CODE area. minittiurn

depth sounder readings over a tile interval. generally 5 minutes. were read manually

and kcvpurched for interpolation. In the absence of depth sounder records. LORAN-C

positions corrected bN local estiniates of tie LO AN-C( offset from satellite fixes were

plot ted on dept h charts an( depths keypunched for int erpolat ion.

- U
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Fig 3.1 Depth range of shipboard measurements is shown by the percent of pings for
which the profiler electronics indicated valid returns at each range bin. Two 12 hour
subsets of data are shown, one each from 1981 and 1982. Details of such validity profiles
vary with many factors including location and time of day.



SMirtu but tor reflect ti i - expected to b( mruchi st roiger t hani oceaij backscatter.

reflectiloiis from iiitrw isd iicer sidelobe, %%Ill degradle t he sigual. To reject all possible

si dohe reflect orti from lie- bottoni. thle profile wa- regarded as valid on l for ranige bins

whosc niaxirotiti ranige i , les, t bai thre %%ater depthI. D. miiius t tranisducer dept I. zr,

Frrcin lablt- :.2. rulat In0 ratio hi bi geometr rid depth. th reiie yeioi. p rofli c was

regarded it, %al id at depthI z (iii lv if

-)os'i c(T - t5i (coso(, I )ZC,

oir for th li itinial values- of thle pararreters,

z 0. s71) 9 intlers.

lBeualis of th leied to elinltiian, boIt toni reflect jolt. necar bottomt Currents (alilot be pro-

filed.

3.6. Acoustic Profiles of Relative Velocity in Ships Coordinates

11lom ace oral e are, acotist it ntneasu reirierit s of relative velocit NV made from a

rrto~ trig Shtip' The.N %%Ill couliii errors fromt a wide varlit of sources, arid w&e I-Ia

expect large variabilit) bet w((tt individual profiles. \ariabilit % arises from measuremenit

itoise due to finili e and\width It ii the t ranisitted acoustic pulse. as well as finite time for

freq uvric% resolultori \kit hlri a raiig( bini. Varabilit\ occurs M~ the oceari at scales below'

on r res;ol t ion, front small scale turbu leiice withini a ranige bitt or horizorit al shears at

scales smialler thani the separationi betweeit acoustic beanms. Evenl if the scales of oceart

velIocit\ \were fully resolved. additionial variabilitN is inn roduced b\ limited samuplinig of

riti-passivu mrot tori (swimming) of the objects scat teritig acoustic enierg amid b\ multiple

scatlteriig_ evenits. Ace elerat ioirs of the ship. Ii resportse to oceanj waves or uti der in1teri-

ionia! control from he bridge, also add variabilityv to the relai ve velocit\ .

Fig. 3.2 slit ws histograms of the variability Ii measurements; of F(z ') arid P(7

thi- forex~and and( port ward comnport ent s of V. at conistant z ., the depth Iill ships coordi-

nlatv ('S(Chap 2). The data cort- from I -mintIe segmenits (1 00 pirigs) over whbich the

- hi peed 'Ail being,1 held Stead [)espite the fact that the data are taken over a short
t I iIrit erval. the rins variabilit\ ili individual estnmates F anid P at fixed z ' were

rms varialbilitN on stat ionl at 10 kniots

.Ili 3S.9 cmi sec 363cm sec
inP23.0 crrt sec 17.3 cmi sec

The size of this variabilit\ is nearly iide pen dentl of the ranige [)i i conisidered.
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Fig 3.2 Variability iin acoustic measurements of relative velocity, shown as
histograms of the deviations of single ping measurements from 100 ping average.
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Aultospectra of this high frequenci c ariabilit are shown hii Fig. 3.3 for 3 sets of

coiditions. Ili each case the ship is steaming at "coristalit" speed under control from the

bridge. The spectra show that the variabilitiv in acoustic estimates over periods up to I

rlinute is composed of a white noise background plus a broad spectral peak at periods of

order 3 to 11 seconds. The frequencv of the spectral peak is higher when the' ship stearns

into thcl leaxes and lower when steamning awa. from waves. These characteristics suggest

that tfie peak is due to accelerations of the ship b% the surface wave field. This is con-

Firrmed b\ the high coherence found in the 3 to 11 second bands of the cross spectrum of

f'(7 ) arid P(z) I ith the pitch arid roll angle of the sfiip (Fig. 3.1). The contributions

to the ris variability\ from measurement of wave-induced ship accelerations arid from
the %fiite noise background error level are

rms variabilitv on station at 10 knots

in f total 38.9 cm sec 36.3 cm sec
wave 37.6 cnm sec 34.1 cm sec
white 9.8 cri sec 12.5 cri sec

iII f total 23.0 crn sec 17.3 cm sec
wave 20.7 cm sec 13.6 cm sec

white 10.0 cry sec 10.7 cm ,sec

Clearly the majorit. of variabilit, at periods up to I minute arises from sensing of actual

wavae induced ship motions rather than from white noise inaccuracies in the measure-

nient process itself.

Nonetheless. before the.\ can be used to infer properties of the ocean. tfi meas-

urements must be filtered to reduce both the wfite noise and wave induced variabilit..

Thu success that any proposed filter will have in reducing this variatice can be calculated

fron the spectrum of the noise (Fig. 3.3) and the transfer function of the filter. Fig. 3.5

,show- the rris noise as a function of filter length N for a block averaging filter. The

% ariance is reduced rapidl. wit h increasing N up to N - 50. then more slowly for higher

N. This is because th variabilit.N due t.o accelerations in the wave field is highly

coheren it litie and is reduced approximately as N 1. The white noise component. while

smaller. decreases on lx as N' arid so persists longer.

We see then that bx regarding the individual estimates r and l as timne series at

each range bin arid averaging over many pings. the high frequenc, variability due t~o
waves and white noise inaccuracies can be reduced. Block averaging over N- 10(0 sani-

ples leads to averaged estimales contaminated b\ 1-2 cri sec rmns noise from the residual

effects of white noise measurement errors arid wave induced ship motion. As N is

increased further. the noise frort these sources decreases as N t 2

U'

4'
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012 Steaming into seas

0103

2

0.0 0 20.4 0.8 0.8
freq (Hz)

105

- On station
M104

0.0 0.2 0.4 0.8 0.8
freq (Hz)

105

Steaming with following seas

02

101 I

*0.0 0.2 0.4 0.8 0.8
freq (Hz)

Fig 3.3 :Autospectra of ping-to-ping relative velocity measurements for 3 subsets of
data taken at nearly constant shipspeed while (a) steaming into seas, (b) on station, and
(c) steaming with following seas. Solid line is foreward velocity F, dashed line is -

portward velocity P. Note peak at surface wave encounter frequency rising above a
white noise background.
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10 Variability vs. Averaginig
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3.7. Rotation to Geographical Coordinates

To pm~ropr N.eelor average the relat Vt xelocit mieasuiremnlt s. the must JI!First

bie t ranisform ed fromi t ie( ship)s coord inate sxst ciil x Nz ') to geograph cal coord inat es.

Let uis define a ) (jiasi ) geographical coo~rdinat e S.stsi rri with origini at thet( ships t rans-

dw~eran(] oordiate xe - L V at(] z1 ahingcast ot and i)5 rsec e.\. hl

(neaidoirineaes. ad ponigetno an uprsetixl esiadescrib~e the t ransformnatio o i x enr geograicl and sll~ coordi nat e, b.\ a series of

three(' rot ations involving t it angles

fl. the( ship)s headinig. mreasu red from N^ (N orth)i to (Fore)

p. t ie( roll angle. positive for p)ort side elevated

*tie( pi'tt aIiangle. posit iv e for bowk elevated
iiocasisred relative to rol ledl (oord inat (s

Ali.\ arbi trar.\ vect or whose represen tat ion in ship) coordinates is A'- will have a

rvIpresentat loli in geographic coordinates given bN

A R,R,,RA (3.1)

sin() cost) 0J (I (
R, 5( Rn 0I( cosp - stip (3.2)

0 0I 1 0 stip cosp

R . 0) 1 0

Siic (0 coso

Thus if the- relatixe velotit x vector measured )it ship) coirdi1riat es i s V. the I t it ii vxr-

aged relit ix c \ loct I i geog raplhici coordinates will be

V R, RR, V I

l"(.1 etiili haSiie1 thle fact t hat . because the t ransforniatlot' bet Weeti thle I~k x~osv5Iellis

i te depetident . we rmust t ranisform the data to geographic coordinates, before vect or

ax eragiig to obtair. correct averages. Otherwvise, correlations bet weeri tit(e sips)' orientla-

i 1(11 a rid its %elocir. x will bias thle resuIt ing average and. 'in turn. t lie, currenits calculated'(

from t hose averages. Sinre the t ransformat ion is performed usihig- mteasusred valuesz of 9

p at tid r I t hiv er rors Iit Iivsas u ri1 ig It hese antg les \k ill af fectI in fe r re(J av erage vl oc iies. Thel

anial.%sis of titliefnext t\&o sect ions sugglests thlar tit# effect,, (if pitch arid roll art riotp



imipiortail for thc (OL data s(t. bitt thi error- H,. ij~11(uhigj fiiiasilreilirit>- mught

3.7.1. Pitch and Roll

\4 Ulii~t ior lio ufltecl o plitc atur roil oi flit ship oi TiieaSUred profiles of Ohw

ro lia' %t4 j,) 44 %c(i' rciiiirt- 1 w~i-idrraiiwt of t'N\o vffects-. In' thc First place. the( cool-
DO4i.l# I, '' \* . 44f Fulif. Elo icf c ('.4 ( ina~ltit- In additon. the( location of thc

r i 1, 1 rit , r,~ ri, - i f,,i~ rtlri-hirriif'i. Thiw

It I? V , I

R.. V , E

dl' dz cospsiriodll d7
V / cospc( l) dI lz - 7,siripdcll dz (.i

dli dz tanlio (cospstioidF dz -siripdP dz)

t, Ot v rn .Oilc44h moust be added to the profilIc Hi ships- coo(rdii ates to correct for d is-

tpii~14 4ii.ii of Hit moa~urereit dept li, fromi their iomiial posit ions. It is, calcutlated fromn

trif h(rtii ((Joii uno 2,7 arid 2. , under the( assitimpticit that lioriioriral shears are neglig-

idti 4 ffrrirc(! I, %ert ecal shvar!. Tilt full error ,vector E is the %e(bcit.\ overestimate if

hef prFik i - nil (iorrectcd for plich arid roll.

E A RR, )Vi ) -R, R V

P( I cwsp I I- siiprosC'- HsinIPCO1sC' R( A V (3.6)
H() I (oscosp I F"Sinocosp Psillp

I ri les, pich arid roll Coif)priat ionl 1. performed separate% for cach profilec. v'ariabilit III

E %%II ill4mit ri hutf c oisc to e'st irmates of V( z as lie ships attitude changes fromt profile to(

proefi Iv'. Morc import ant l%. if E hlas a rion-zero mcani value over the averaging period

used this mewat val tic witlI bias the estiumat e of V ( z
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Table 3.3 Effect of Pitch o and Roll p angles
on Relative Velocit% Components (cmsec)

Depth 30 m
Steaming On Station

mean sid de% max min mean std dev max min

Measurements
F 506.t 11.2 325.2 480.1 19.8 31.8 92.5 -28.7
P 2.4 5.1 11.8 -11.8 1.1 19.0 41.1 -37.0

HI -1.6 1.6 3.1 -5.9 19.2 2.1 26.6 15.3

Depth change error

' 0 .0 .0 .0 .1 .0 .0
l ) .0 .0 .0 .0 .0 .0 .0

Hectification Lrro,

Fore
IFII -coso 1 .() .3 .1 .0 .0 .0 .0
flsino .2 1.4 .3 .6 .2 1.0 .2

Port
P( I - cosp) 0 .I .(0 .0 .0 .0 .2 -.1
Fsinosino -.1 U .0 -.2 .0 .0 .0 .0
_ Hcososinp -,1 .1 .2 -.4 .0 .3 1.0 -1.2

Heave
HI 1 -cosorosp ) .0 0 . .0 .0 .0 .1 .0

- Fsinocosp 4.1 1.2 7.1 .5 -. 2 .3 .2 -1.4
-Psinp .1 .1 .3 .0 .6 .6 3.0 .0 ,

NET ERROR Icm (.c)
. .2 1.6 .4 .6 .2 1.0 .2

in P -. I .1 .2 -. 5 .0 .3 1.0 -1.1
in H 1.2 1.2 7.2 .6 .4 .7 3.1 -. 9

p

Tabie 3.3 (., roscopic measureuments of the ship's attitude were used to correct the ship-

board profiie. of relaltie eiocit Vz) for the effects of pitch and roll during CODE 1. This
table show- the. error, in crn sec) which would have been incurred in 100 ping averages of
V(z) in the absence of such corrections. Less than 1 cm sec of bias is introduced ;(to the
horizontal comnponent Of VIL) vhen pitch and roll compensation is not performed. The

added noise in the esiimales is likewise ;mall. These calculations were performed on data
,uhn'cr, described ir section 3.6 ot the text,

p 1



lbuirg (IM)1 I tOlei pitch anid roll of iI( ship v,('rc tinvaur((l gvroscopically (Iir-

iog all deolist i( profiling as described WSeciiotn :;.1 'Ilese dat a were used to caleitlat e

th lte rms1 it. E v.klichl arc introduced xNvtij pit (( atid roll correctionis to the profile of

rclatixc xelocit arc nteglected. Resit It are preseri cd in Table, ;.8, for I xxi) data sujbsets-

during which t i sip heading 0 Nwa, livid1 cotisarit oil( 'A iil( t t( ship Nxas' steattintg

I lt( oither while I he slihip mraintairned positiotn. Lach datac subiset cori-tv of GOi blohhck, o)f

IM( ping- eachi aplaroxirtit(') I how) anid (-orresotid to li dat a .khlosc' cross-spectrii

x.\ern preserited iti Fig. 8).4. Thit results iridicate' that. xx hIilt the logtermt ax (rage iof ship

vertical velocit \ sltoxxs a stubstanitial bias of order 3-4int se( wAlen pit ch arid roll (otT-

perisatio tori Is ot perforriecl. the long t ermt bias in thle horizontal velocit ies is less t han I

cmn wec Table 3.3 indicates that the major con tribuitton to the ias int the fore cotti

ponerit arises from rect ificat ion of thle heave comrpoient thiroitgh the nernt Hsinoc. whi

h( rmajor cont ribhotion to thle bias it vert ic-al velocit *x comrtes fromr the Fsiri ccosp t erm.

'The effect of range bin d isplacemtent on long t ermt ax eragces was it general %,ery smrall.

fIlue, rrrt- size oif the additional tjiist in a 100 ping average profile due to xarialiilit x in E

is- of order (0.2 cnn sec. w.huich is smiallI conipared wit the I to 2 crt see nisv frortn hiighI

frequen'tcy variability which remains after filt erino as discussed in thli pircx ou, sct ionj

'Fbi-sd resul ts inrdicat e t hat . for a wel -rding vessel such as lie I? N \\ ec ti

ewrages of aeccstic profiles can be calc ulated withI minimral error in horizontal xvlouil

(St inniat e, by treat inrg the dat a as though t hey were rneasw em] in a levl plne. igior ti

correctionis for pit ch arid roll.

3.7.2. Heading

T'hl third reference angle which murst be det erinied before t he rdwat xe vloci

profle canl be rot at ed to geographic coordiriat es is the shtip's head inig. Surprisirigly. it is

rnieasu r(-nicri t of this angle, rio pit ch arid roll. w hichlinmtrod uces the( largest uricertatinty

nito t hi data req ui red for deterrnrat ion of cutrrerints, This comes about because( a sniallI

mteastirmnnt error Wn K the head i ig angle bet ween No, i arid lie Fore dr rect (n . cane

lead tic large ri-rr in thbe inrfurred geographic corticnen ts of relat ixevelci x w . arid there-

fore tic large sputrmiu, currenits. If lie, rmeasuired head iig is 0 - SO6i where SO is tie

ttiia~lirniriit errocr. t hen t hue gecigraic comtporuerits of relative( xclicity com(i puted using

8~ :.2) xx l bce i errcr b

li l(/) lI ll)cs()f I ) V(Z)siuc~(

(7)1 1z I )srcc'V \ (z)(to;S(? 1)

I c iri aship~ ,tcatmintg ricrt I, at \ .7'0() crt s-ec ( -10 kriots- ), a heading erroir SO oif I'

xx ccci \ ci x d errocrs ocf I %.7.-t.l illm sec it! t ( relative xelcccit ies ( . .arid so acid errorie-

ccii- cicit rih ton t o i f tl( Ic ateSize to ic currents. Sinice thi- error is crninitited lox
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N o flvtht Ilfit filter l iiitit niT . li riieai triat %k( lied no(1 lia'~

required i lie (lirrviit to fit (-(inst1ant o\ yr t lie Filivr~ing iiterval. Ilie v~vaker Condition

slificc( for ( 4. 1 Wq. ton appix

Ti- optiniiur Filter is a signiicani irniprov~iiewi over siile averaging. siild(

IIitc rr i-i Y tiea, itrern er I noise i n t lic psi iiniated c urret decases as NI -. orn iared with

t rair \1I obt ainied for siruple averaginrg. 'The simpile average han a clear nileatlinrg -

rat her t han calculnatinrg illhe cuirrent betuwer seqjuential fixes. a verage V* over (2\1-- I1) fix

int erval- ani ist onil the nidpoints i,, A,,. to cleterriiniec the Current. The

optirouniu est irniat a'o* has a simnple physical interpretation. As\ we shoi'm helow. it is

dent cal to mnialsinig a leant squiares fi in thle slopve wit i ine (if thit displacemient of a

v~atcr parcel at th li ntireriiewi de-pth.

4.5. Least Squares Drift

l1Arng a single rtivasiirenrienit init erval 11t a water parcel at the riieasu renieni

depth will drift dhic I(n the* currernts by an arnolitit

I\ C x' I) V\;At & C. (4.26)

nt iall assurie. as before. that the current 'is constant over the water parcels san-

pled ditit ig t est iruat jon int erval . T1hen the total drift fromn time t -, to I inie t

%il i O rcast linctitan in t ruc wkit hn a slope gi ven by thle currerit . Thius the currernt call be

istittiatef by using iieas;irerefits Q to calculate the cumultve drifts arid then

Findinrg t1ho Iin tiexhit l best Fits thern As w shahll see. additional useful iniforniat loll Call

fI)( i)hitnttd by adnotirg this point of vic".

* i (4.28)

fIt t if rti,uirvif drift hieten tHic i I" atid i" Fixes . Accurriulatc t his iii a total drift

trorti t tart (if the estirliot il the J" lFix iii

i df C (4.29)

lii\ dt-i rit- m it flou t lo- of gerneral it I thu i nit ial t irie arid dl(, the mneasured drift

;lit fi b). >icc the( trim( cuirrenit is assurned coristarnt. me niiidel the trii( drift as
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il I hi i' fII efforts of ('hapt(r \% (r(- suc(essful arid t(, ibias of thic mrleasutr(llts

ei 1). I (It il itI I h( filtered .stiroa e is

NI

v % I (10.17)

Zero ba) - - o )itilit.d if 0if % ighit- w. , 'aisf.\

\\ Iiti (4. 16) ni ( .1 , .1 ht tm aii sqkuarf- error is

)t N? I (4.19)

"''h fill(r mcighil- art d.eruiji,.d b.\ inimiziiig this m'eari square error. suiject to th(c

(rlist rairii (I. S hich I) a .bt fuifor(eed xit h i th( aid of a Lagrangp multiplier A. Let iiig

NI
A( Z , I) (4.20)

Wi0iI rquiring oI (tNr 0 for N1 t NI viMlds lIt(, 2NI- I equations

N? •~ i ,* Ai (4.21)

\\it hiI li( cti.s raiul (.I.SI). these equations defi e at most one solut iot for tie 2\1 - 2

variale'- , arid A. .Substitolrirg Owi covariaice front (,4.12) into (4.21) arid solving"

slib ei t to ti(,h ( ,oristraitt((.1l ) ellds

(MI 1)(2M1 )(2N1-3) (\I) I (4.22)

arid |

6 (4.93)
\1I (2N 1 1 )(2MI-:) 3 t

, Iicli Is also tit( niarn square error of t it vstinialor

\ (4 .2 1 )

N(N-)(N 2)

as Ia.\ be verified from (4.19).

I.
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'Fili' rti (t I'- ((hut( isrgi ir Sf\ TO1 '~s . 1 -i iii Ill sit st's for I It( risss-' issi

andlt i11(mg-hiirt ssjif tf rt'-( I i\s 'i\

'lustj I Ili- tit- ( - p i i isf~i! i r A' I, i \ Is()I j- Iin if, s I I sI r i iT i i ts g i st

a(lc isrilc i 'siI1(' i I j- Isstigi Isisit ii i fr i- i titli i i Fit I i i rtacii g SY I ts N 1

re-tilt - i ii i i~ l i - ikd s-tii it I lit tiis- i-rn's r hitl -Ifiii i li ruiaifig h i Iltm

llI\Xi'ti fist- I" t'Ilil. ii' I,1 '% ~ssr~iglg1 \ 'ss4is I' .: t, iris: Cs,%t r I it -hiunliti I fr\kii

S t i' fiit\ Itt it!fI (run t. itf i s -nt , i !ill 'i - isrt s .5 ifl w ,i ftit -tinrier i t (

lsti ''scx(% Sf iiiii,.t Iit r if ' ' i iT'll((, -Jt sitw- ii. 1 lit iix's ltg ts\s it ti.furfissl lot. r, Ts

% it'l I' It u crn it-li A 1. It i F \I- ' 11s C : 1 1' 11 s rII's i r1:1 i i C Fi r it F; f it Ii it( (i tier

isi s' i t I I( a i fli -I r I is dg T i i -ornr , ii I i i i i ' IA t ral i itisi' tr I ft

fitI tii rIiig hes i d is ftit j rii spit I~ fa ii. 1_1 it[!f 1( i pi llfsi(iIf i mat t

4.4. Optimunm Est imat or

'l it Inspig t g'"a nst'sI. i ilil -( i' rl 'dk'"i'- (if OlitliI nist'asulntinct'i- (an, li i','t

Ii (irprisilii I tli vi if yii ' i i) i it I l r ih :rt'fsli is "' hills opt lirsalix rvdtiitt's lit- ltIst- (lit Is

i-rnr', Ii fIs It-a'-isrt-iit- i t If i' null snal hi lt ist mect this ('stisati- from t linstan ((irs

iiat ((Sr tf fic N 2 \I I ilss' v lstirtulI('uis ce'rtered at 6,.

II N' 's I(4.11)

litfiti ' iii (if' t ' at ItsI i o (it ('nll rst'rid I ). nilIi sI ni jIz Iig I te c xpectIed Iseals square

v'rrnor i t fu FjIv Filter leui hs N 2\1 I I. 'Vise t'vrnlsr Iii I t(e estlmflat-c (.4.1.1) 'ill bi-.

C N ''' ssN''~a s (4. 15)

l[ist- lird; termt Its I I- i'- Iitii- tsr nise ts o it- Mi" bilit il s t' aSilrt'rtsti55. while list' terms

irn bracket, '~i, th vs-trroir "' [itu h' ssild arit'( siripix frtori filteririg thit field. even ins the

abstesse of nnstassrt'nstn nsiisst ( tank it is miot pitssiiit' o (i hiitsst a sitsgit' set of weights

\&ljichs mnsirinszt 1 Iiait (tn tents for arbitrars structure tit t' true Field u,. Since I t'

arsaiN six of' t'( pre(tedIrig see! tinst siggest ed I hat IsIt( gttijdsti siral sigiial is contained Irn tist'

lox" freqsstrscs;ssr p(iirsno ti (st Sfiectnuns. \%(e terstat ix t assune t hat u is conistart over tit(-

fIiTninsg IITisti al(xs sisal1 relax\ lIns coniditison kt er ) Tlst'ts



To i Ost t his interpret atio oulf t in spectral pcaks. %kc consider a sirttple model for

it[(. signal arid ils( Statistitcs. 'I'le( crrur spectruin is dci eriited b. the correlation fun(-

1M 1 1 Ni

j~I~ !i 1.6 lii lIile' Ii ii. thii errurs in, tin itieaured (4ialili ite. ex. The( (1isc11551i1 IN

( id~e~ 8'~igg-.ithat it is plaiisilie to Iludcl

P h- 1,ald hel h loscIi h crrn icsueiet

\t11

o thai 'sh iddlt~ uhscr~ a niteasured s pec r u ItI .

IU l p re' v I dIIi I o a I jiU c of er 3) In. '7\ 2 crit sec and Xi~70 sec are cit ed fromi I ht(

r fl I t-of ( ha p I r L trri In t In posit ion are the doritinan t source of noise over rrlosl

o! It~ 'p(itriii. i.e fur f - i I I() H z. We therefore expect that.
" -I 2(r

itI Iti i iijilI at is1 icc- arc (urrect . I h(- spedt ru nil shtouldt be proportional t o sit) 2 7 f./t over

Tho iisli (tritilted frequencieS.

III FT. -. :"\f plot SU '( f) Si rilr fIt . Thel( rust anic oif this, quail tit y for

1 2 -10) :Hi su ppoiris both t he idenliificat ion of the high fre-qiien cv peak as, the

rii ui pi iluit! (of the sped rnii. and alsoi verifies thci statistical niodel (4.11) over this rrioist

enirt- ith part (of lie inferred iiuisi. Belo\\~ 10 : iI,. 11 containis eit her signal fron thle

( urreii l fie-ld or riun-%k lueit(itse,(. Ili hi- absentc(e oif uther infurniat ion. \&( adopt the

formecr possihi as a viirkig hl\ pot hesis.

* 4.3. Endpoint Estimator

Applicatilonl of (-1.13) to the data iii Fig. 4.3 allows art estimnate of the rins, notse

n itositIion mevasu ren en is

(T -13 it Ii t he cruss-sh ore direct ion

- 20 In in Ihe alouigshore directti
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Fig. 4.1 Sample time series of measurements. Top panel shows the acoustically
determined relative velocity V, middle panel shows di 0 !dt from LORAN-C. Bottom
panel shows the sum of these, the fix-to-fix current measurement fu.
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U w hen'

and

(4.6)

I so%\~ s rcpr('si'tI at i i t inic series of het( nwiasuired (4 awil tes \ 1 I, tand up.

4.2. Spectrumi of the Measuremients

Thell ftc- of \(rrew i neasureujen s U6, art a t i te ii'v v\hose spect rum Sj ~f)
ma\ bi evaluated '. a a d(I erei Fourier t ranisfornit. If thui fi xes are, equal h spaced so

I fat At At for all

M (2\1I~ )At r. I -TIfV(4.7)

Then fruri (4.4), assurrtrtg si gnal and noise arte uncorrelateid.

LIG(f) ~ () 5 A (4.9)

hlji sp'ct rum of the rimeasurerment Is ishe stjti of the noise and t rue field .ariabilit\v

s pect ra.

Figure 4.2 shiows the( spectrum S ,(f) of i( fix-to-fix current measurements 6j

for a, subset of the data described in Sect ion 3.6. Thel( solid curve is for measurements of

het( c urrent Icomrrponen t along 31 I7'T. tithe alorigslore di rection in CODE: the dashed curve

i's for cross-shore curren ts. The( variance in the( mreasuremnts. given bN the area under

*tithe spect rum0. ts larger for the( cross-shore, currents- than for I lie- alontgshore currents.

Bot cottponet sho%\ si mi lar spectral shapes. chiaract erized b\ a sharppa-a ofe

(IlicTm des, a broad risi at higher frequencies. and a spectral gal) lit b('tv eer. It is tempt -

irig to ident if\ he lom frequerc peak as the( geophy sical signal Su,,(f) and the broad

high frequt-,\ r peak as the( cont ributioni of ti'( ntoise spectrurnt '_ (f ). The spectral gap

bet ~een thlese tw W %iou011( bc encoturaging, Indicating t hat the enmerget1ic part of the noise

culd be FitItered v ith ion mniuni loss of the( geophx sical signal.



Chapter 4

ESTIMIATION OF CURRENTS,

4.1. Introduction

erio'., address the problem of obt aining the best estimate of the current field

using the dat a descri bed ]in Chapter 3. In Chaptr I we wrote(

(IX
u (x,,-r) - ( - V (r) (4.1)

%%her(, x,. is thi( ocation of the istrunment . r is the location of the measuremnen t relative

to the inst runment. anid u. dx 0, dt and V are the current. instrument velocitv and relative

velocity respect ivlN. Our data set consists of measurements of consecutive fixes x(, arid

of te average vertical profile of relative velocit\ V(z) between fixes.

40 First consider thre problem using mreasuremnents front a single depth. with each

%velocit '\ cormpornent treated sep -atel\. Using tildes t~o identifN measured quantities and

htsto ident ifv% estimates, we dlefine

t; the timre of the ith position fix (4.2a)

Al = t (4.21))

Xi XD(ti). the true position at time tj (4.2c)

xi x 6i. . the measured position at time t. (4.2d)

Vi - f\(Zk)dt .the true average V' between fixes (4.2e)

\i--f'(Zk)dt V j. the measured average V between fixes (4.2f)
At i tfi

w,.here- zk is the depth of the k"' range bin anid h. 6 Vj are the errors in the measure-

Ir tei nsI

Each pair of Fixes. together with thre average relative v-elocity between them.

constitutes a mteasurement of the average current at zk

t (4.3)

Frornt (4.1) arid (4.2) then

33
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Table 3.5 Calibration and Misalignment Errors

Misalignment Calibration

Samples 8o (degrees) 3

COI)E I. Leg 4 161 -1.4 -. 006

Leg 5 153 -0.2 -.012

Leg 7 138 0.1 -.010

CODE 2. Leg 4-6 174 0.4 -.009

Leg 9 174 0.0 -.010

Table 3.5 Calibration error 3 and misalignment angle 60c calculated from changes
in apparent current which accompany changes in ship velocity using Eq 3.12. The large
value of 600 during CODE 1. Leg 4 decreases substantially for subsequent cruises: this
drop coincides with repair and realignment work performed on the gyrocompass follow-
ing Leg 4.

.0

0 ". . . . .. . "_,t~ . .dl ad.mt. , --,n ~ t 1d. " '" ' +"



I I it v ait d Ih li nwii ired rc ia IIlI \e )lctI I arid \ A c arI est Iit ate a arid I f rui t1 1ie

(peridltice (of r iea i(, I rf' cIi r reti I (i I hi, ip I locit \ fe iight slinrpl\ as,,wrrre I lit

iirril t,(111(1l lit i iiiirreiated N% Iiit i. t ship %io( it\ anid calcuilate at arid 1 frornt t It

rwijiured ( orr-lat in andI~ 1,q :'. abtit . L), c' bet ter. .% c (-al eurisidcr lciwl charjge - III

tmiit~iiret (ii rrc tit~ - Ait h. i ( ornrati lca change- 5111 ',li\cocitl lefiri rtivasjre (of

kial-Ig Ini (rrctil antd stipl % v110(11 b.

(V X,- V,

Sherei 6 .1 aiid fi, art. t it ideperideii t urreti I (-,t irriate- uht airied stearnitg tov, ard.

11 (atlltII g av,, a~ frn. anid %A h It oi st at rt respect IvvIN w kithi correspond Mrg definiition,- fur

I lii relat i% t, \eloti \ csi tilt ( Then for cacli st at Ion %k( can formr al est innate of thet(

I ottstartI iV ab finny L 3.N . asou hiitg that he( true values q arid Q arc unrcorrelat ed(

IA Ibal t ( chalge InI rue( current is uricorrelated Xith tie( change In Ship %vtlucitl )

airid1 Kl appr)\ [rial iI, ti Ithe trii(' rebativ vebci C KIb te ( eaJ~ SIIred relat Ive velocit'

z~q ) QQ (312)

4 (Q) (Q Q)

ii,' ar t Ihell sliipl. a\ crap- t he est imtates i . b. In practice. on l.% Vst ilIat S ivolvinrg

large( Q (or whih ite error signal should he correspond ingl% large, w\ere- used, anid est 1-

inate lvj rig rmore thaii 3 st anidard d1eviat ions frnti tii(' mnean were rejected.

Table 3.5 shows t he results of this anal',sis for several CODE cruises. The cal-

cuii o (a jn ird (at ('5 a cal ibrat ion error of aboutII with uncorrected ship velocit v being

lov, . The large, value of t~iO, observed during CODE 1. Leg 4 decreases substantiall\ for

subhsequernt cruises: this drop coincides with repair arid realignimrent w~ork performred on

t ie( p~rocoipass following Leg 4. The data were corrected for the calibration error

* ~asiriedi toi he constant at I )arid for the Leg 4 misalignment error before further



Ini11 ii ar. t t. huadtrig triculri ren obt a ted fromr it d ,pvrr. -1 % p( gp rot oHi

£~m I ( ah I~i n-x v\ral sIiiir( c, of error of sufficint mragnit mot, to) degrade s IU iniat I of I noe

(roi,-iI p rf I at 1\ (Ii i I I (ouiI pollen I \hilc most5 oif tkves( o-an ke account ed for otili

I lair liipre ir, I It dai t 1 , recogriiieol. t tic rolling error arising frorm \&a%(. induced iIll

drill a(l icra! im rat.-( riot!

3.8. ('alibrationi and Misalignmenit Errors

A, I it re-aaoii h .vs.,e tinme(5 tirouigi Ow liExxat r. each comtponienit of its hiori/.iit-

til x eliit can %arx o(,r a ratig( f roni - WO cmn s(- rto -500( cm sec. siricc t lie currentr

triaillorio! irlit C a itt il( a- I(,( of this, signal, it is' essenial IIo recognize and rerrioe error-

V. tl+ (lyc~il oil Ow tie hil %clocit.

.;iedl dIepenident IErrors arise fromi a xxkid(- %ariet. o (f sources. Termi oif order

NV c) Ii tiel D~opplecr shift . conist antI errors in the oscillator frequericN or speed of

soiiiid li'vd sl of tOti acoiiist i( tearis. etc. have thte effecr (of calibration errors.

* ~~~callinirg I tie ship %elocit N to tiE oxer or u nderesirnated. Rot at ion of the. transd ucer hiead

r~aieI(, Ow tigro referenicl llirE. t ti(- nisalignnneni ng causes thte relative v-elocity to

Iii oer oir on derrot at ed \Owtie referred to geograpti cal axes.

Slippose iel dat a conitai ni errors- caused Ix\ a calibration error. 3. anid a mrisaligri-

mren! angle. hi9. Then th e iasu red tiorizotta) comrponents of relat ive x'eloci) x will bc

V I-3) tsri/oO (I - 3)\cos~(

m, tiere t V are thre true comrponen'lts o(f relat ixe xeloci 'tie inferred currents compu ted

from Lq 1.2 will thtuos be relared to the t rue cir1rrrt.s 11.\ bx

ui i - b( aV (3.8)

wxherej

) ( I -. 1)co; O(, I

If vve can uise tOti dat~a to i rifer (a.b) . we can deterrmine the calibration arid irnisaligrirerit

ang-le errors as

60( tail (~ (3.10)

.7..



(Jtliro tite large lort intpo~lit oif %ctIJinl t iii h (roJ-sllip (oiipoiictit. H it, ro

(lirtii %i' l I)( lieFaari/ed iii t (ro-sip direct ion. arid %kill increase ' it ie( speed of

L I ~~~te shi p. t ifort u it atI c error , o' 0 of I ii- order oif it iagn it mic cant i be ruiled oiltI

1Wi ieaiig datal fir Itk oud lil".ere taken oireotl fromu tIN shi~p's Slrrx)
N1k.37 inavutr gyoriJ(Jnpa... 11%i readinig %%a- M aen for cachtiJi t osit pulse ( 0.6 S'.(

-aitlliing 1. T proJ\d (it d eading rinvasmreiieii the g- "riotornpas- musi sellCs(, its irieuilla-

ion relat i'~ to, (;lire(tionti. The fore 0ft 1\i- (of t eip. t he dlirect ion of gra% itational

acelrat ion arid! he rot athio axi- of tIh Larth provid t 1hese reference direct tori,. A it

* ~~~error in t ivule d ot~o of are (Jil of the- u.ifl e6ld at error Ili the iiiei-.tri-d headting. A
c(Jriplelt dim ciis-ol oJf' t initchaic-ti of gg ro( iit asses .%ill riot be undertaken here. aid(

intetrest (i rvadtr- arnt referred to I ext 5 siuch a, Arnold arid Mlaunider ( 1961 ) or NN rigiey o/

al. (1969) Table 3A. urini iarize- sinii c haractIeristics of meiasu rreent errors w hich are

present in gv roJit pamsv of t he Sperr. ty\pe. 'I'he nimisal igrimuernt angle is, the conist ant
anigle bet%%ve ((i te g rocottipas, fort- (directtin arid the( forv directitoni defined bn Owli

a( itnt lbfarns. lFashlamt (1976) discusses a t echniique for derrniring t his angle which

req utre st eamtin g a course i a ste(ady cross-wirid at a vartet ouf speed and altri but irig

covariatrit e ei foreward and port ard relative wkwh elci iiaswu m rieito1i t rarisd ur

tiisaligniiirit. A teat run using this proceda iit%~a- made during (()l : it shoVued that

duiirin rithe 1I- ett(-i acouist ic t rarnsdulcer "a, aligned to it hin 0i.2( of the fore aft axis of

lie shi p as dleftined gvyroscopical ly h; the hieadling. A putst processinrg met hod for estiniat -

ig both it m ie isaligrimuerit arngle arid calibrat ion error K presented ini the next sectium

Ahlich reqire- nethle r special test con rses to1 be rn rimr st ron g assumupt ions about thle

stead i ess of W le w.inid arid hiorizont al st ruct ure of Se cuirrent shear field to he made.

The latitutde error arid velocityx error in Tlahle 3.4 are uisually crrected in the course of
0 ti~~~ormal sh ip operat ions. Thle crex% mnainualil% eniters thle speed and laitude di the shipl

I into comiperisat ors loated on thle brid ge. %iX re thIiis iiot lie case. tws ci(S orrecItiorts coul d

have been applied (mr ore accurat ely) iii post-processing. Acce-leration error. which takes,

het( form of darrped ocilliatiols hi die heading. at S4 minute period, following a

n iarueu ver in volkinrg niorthi southI acceleration, can also he corrected in post -processing if
tie hust orx of ihe shi ip velocity is known for a long enough irrie. The wave-induced rol-

I irg ( alwo ralkl quiad ran tal) error dtpenids on lie details (if t.hit gyrocomrpass coist ru C-

on arid I air riot aw.are of an ritthod for rernioirg it. The magnitude of 0.75" listed

for t his erroir cones front engineer., at thle Sperry CJorporat ion (Hlersch el Port er. personal

* ~commfiuniiicat ion)

of
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(5 Table 3.4 Heading Errors

Error Forcing Form Magnitude
Misalignment Angle installation error constant

Latitude Error A - -, tanA 1.6'

Velocity Error A tan- RcosA0 08

Acceleration Error A R osinvsI- U.4'

Rolling Error wave induced ship tilt 0.75

Swhere

.gy' rocompass damping parameter, 2' for Sperry Mt 37

. gR . the Schuler frequency

R radius of Earth

n = rotation rate of Earth

2fl

A = latitude

(UNV) = (cast.north) ship velocity

AV = change in V during maneuver, assumed to occur quickly compared to 27 i.;

U t = time since maneuver

Table 3.4 : Heading Errors. This table lists several common errors which may be present in gyro-
compass data. Magnitudes assume an operating latitude of 38' N, a course due north at 10 knots.
and a maneuver in which the ship reverses course over a time which is short compared with the
Schuler period. With the exception of the rolling error, these may be corrected either at the gyro-
compass or in post-processing.

0

UB

S.

0



(2'j

A( .1)(N 2)

C) At N

N (N I 2) (j N

or

N

N(N ])(N .2)

Io js, Identical to the( results (4. 1I1).(.1.22) si ice N 2 \1 -1.

Thel( to mi ethods(1 of' deriving the Filter produci e t lie sarre est imrat or. but eachi

prox ides, a different piece of su pp err eiar\ inrformatiron. F-roint tie optimruml estimat or

calcuilat ion we (11)1ained (4.23). the( expected rrns error inI the fili red 'st imat e. Onl the

01 her hand . the( least sq uares fornmulat ion proivides trot onl ' a current estrimate ti (4.34)

front Oiw slope of the drift. hut also anl estimiate of the intercept d(_. Sinice titie drift at

tii r zenroost he zero. d1( Is Just mnuis th te error tin the initial fix X-,,. li\ correctinug 1tie

nlit ial posi on ati] lim-eratirig (ii Vj) over t irie. ant inmproved (st irrate of titie ship'!

po'Mt (I call he obhtainiedl. This allows ttie locat ion to whi1ch thte (silirit applili ltoI(

det (rrviitied tiore reliahl\ thIanl would he( p~ossihle IM using ra\'\ fixes- alonec.

* 4.6. Optimum Filterinig

Vie resir t (4.24) gives itie expected rrtrs error for iIIe(st imat or 14.:;S). ButI

hecarise we hasve assired the true (utrren is constant (or. twore preciselI . t hat 4.2.5

holds). Lq 4., predicts hfat this rrns error will decrease to zero as the filter ler it I is

increasedI. In fact. (if course, at sufficient lx large N. Eq 4.25 no longer is a valid assurnp-

lio0n. ariol Inrcreasing tire, fillter lengthI will Increase tire- error ii the estimate b\

ox ersrroot hinrg t rie structure ]in tire current Field. Choice of ant appropriate( filter lenigthI

is, aclii ex d hN rrr i ir rrizirig tie( net error due to hotth sources. which can he writ terr as

f S(,, i) f~ (f)( I (f ))-df - f ~(f) \i f)df (4.39)

v here t ie( firstl ierrin represent s loss oif signal dfire to filt enring arid tite seconid t eri

represenit, til tie oise x .Ii i passes t hiroiighi the Filt er. WAlf) is the( trarisfer function of tre

Fillter.

k\ Jf E " 0, (4.40)

%&hich, after sorrie t ediotus algebra c-anl he det errmined for the opt irrurr est iniat or weights

(1.22) to he

'(f) 3 (N.2)-jrMN7 f_ t Nsirir(N 2)-,f_% (41.41)
"N(N iN .2)i ft
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i.c( IlaNe h a ~Iriodlel of tw tic oistI spectruth arid] cari Infer S, frorir S,, arid srr.

(4.39) canl be (vat uared as a funict ion of t li fillter Ieig.th N. arid tire value of N whjichI
minunrrr'e' - (diiu)- (arl be( chosen. This teclii iuc also allows us to test thle perfor-

rraricu of alt erriativu Filters by simnply insertinug tlie appropriate transfer fun ct ion into

(1I.34). TIrel( resuh I of such a test arc showni Ii Fig. 4.4 for 3 choices of frilter - die leas',

sq urares FiIt (r of U1 41.31. a iowNpass Iullke.% fil ter arid a t runcat ed Si ii fi It er. Thel( resultIs

arfrucarl ideritical for tire t hree frilters. wit h t ti( least squrares esrtimrartor v ieldinrg sortie-
- wh~~~\fat lo,,\er cx pect ed errors at shiort filuter leigt his arid ac luc trig rrir i r rrrrrr

rapid lk thrIr t tic (other io%% pass filters, arid] t h other filt ers rerrijoin rg sorrieNhiat less sig-

nal in thre case, of overfiltering-. Ili all cases, the friwan squiare error drops st cephN to thei(

rri IIrIrirurri. t herr rises slowlN as thle filler lenigth Is increased past the opt imrum value.

Si ic wedorI t k rio\ wit 1 great confidence w-here Ire( signal t rol\ beginis. thli data were
pirocessedi coriserv at rvel N b\ usin a Fitro ei -30 ig . suggests anl rms

it rcert arri t (if 2-3 cin see Ii \. the( alongshiore currerit . arid 4-5 cnnj sec iii u. the cross-

shiorc current . sliouuild li expected.

4.7. Vertical Currenit Profiles

'Fie anial sis l o tis p)oi it has focussed onl predictiig tire current U (Zk) at a Sin-

glc epcthi z, frorm acoustic nniasuremnents for that depth arid froni navigailoiial data. 'Jo

estilniat( Owtir c urrerit at ano~t her depth, of course, the filtering proced ure could sirrrplv be

repeated usinrg tire acouist ic data from the new depth. However, we have seen that the

acouist ic dat a is muicht less n~oisy than thre niavigat ion data. so that while 301 minutes of

corribi ned irasurencn s arc required to determine the absolute current at anN level.

vecrtical shears, bet weert levels canl be deternined frorn 5 minutes of acoustic data alone.

0 ~~Lsriiatig thre current at one( depth using 30 rmin utres of data, the vertical profile of

cu rrerilrs coiuld thlen he der (rinined fromr tire shear over the shorter 5 miric period.

ret ainrg ho~rl er saevariahili Ii tOw c urrenit profiles. To obtain the current profiles

for thiis stumd. . 31o minuri lit tlen series of vert icall\ averaged V were used to estimate tire

a ~erage cuirrernt oiver a Vertical slab) (of ocean. The vertical dev iatioirs front thiis average
%, ire tOwer di erini ned frorin t he cent ral 5 mnu t- average profile of V. I se of this slabi

(hierrriiration results in equal srro~othinig of currents, at all levels by thre :10 rirrt filter.

* 4.8. Summnary

'Irle goal of tris sect ion %%as to use- thle imperfect imeasuremrients5 of posit ion anid

re at ye \ciocit.I described in Chiapt er 3 to best extract thie current. Our apiproachi has

beent to use each pair (of adjacent fixes arid the average relative velocit\ bet ~ (err thien to

prod)(-ic a single riois mieasuiremeint of the cuirrenrt . \\ve have shown that

* ~~(ai the spectrumn of such measturermen ts shows a strong spectral gap) separat inrg t 'ko



~ K4.

hb ili high frequenc.% peal, i , modell~d X%(eII over roost of lit- ratig( bN assuruinrg it

arise!- front ht noise error in I lit posit ion mieasuremients.

I Ow le l" Miie i atl eIst1i rial li formed bx averaging N adjacent measurerments

ihetrvases a, I N. arid

(d al ust imalor formted lix inctreasinig thei t imei btween, fixes is equivalent t-o (c')

h\atig tOlvt rie curret I he\ed (41.2.-)) ov er the filt eritng interval, we

It) den '~ed tlit( est imtat or ('1.1 or .1.22) whiclh gives the, mriiniumi mean square error

(.1.2-1) and

If) sh~ov~ed that t hics est imrat or is. vqijitalent to making a least squares estimate of thie

drift of a '% at er parcel.

0. asrig thli true ciurreti t had variabilit v described bN the measured spectrum after

retmov intg thle spectIrum of whli t(- noise fix errors, wve

(g) tested t lit robustness of t lie, opt imiumr estimrator, and found it to be not much

better or \% ors- than ot her possible low pass filters, and

*(i ( founid the (epetiderice of ruts error lit the filtered signal on filter length.

\kWte l collitnt led oil iox to extend~ thle single dept ij analYsis to vertical profiles.
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5.1. Introduction

Thel (01)11 2 miooired arra.\ (if currewi mueters provides all independent (I (if

niaiur'riits- taken mhille t h( Doppler acoustic log N as being operated. BN (onparilfi

Ii' cirrelit mier liwaslirclinis \& it hi t ho~me inferred from I he shipboard D~oppler as i1

llii)\ (( Ihroiigli I lie current metier arra\ we mnay larri abot thle reliabili oif then ship-

hoard D oppler I ichiri iq u. F urthlermoi(re. the Fixed current nict er movable 1)ALF geoniet r\

\ieliP- Simutltalneouls iiasiirertewit along a conitiniu um of spatial separati~on,. iThis nieare-

flii spatijal scales (all be invest igated direct lN wit h thle comnbined dat a set, withlout thle

miiihreni trii nrg oif space arid ti ryie variabilityV to which stirve,\ mreasu remnirt s alone are

6 Th 'l()1)LD-2 miooredl arraN (Fig. 5.1) was, deployed iM March 1982 bN scientists

frori i c ripps, Inst ituition of ( ceari ograph v anid Woods H ole Oceanographic Inlst itiOrionl.

all(] was recovered ini Ju x- A ugust I 982. Moonrigs were set along 4 lines (designated 1.
N. C. and( R from niorthI to( south) perpendicular to the coast. in wkater dept his of 60mn

except thle I Ilie) 90mn. 13:wm anid 400mn (C' ine) olyV) . Det ails Of Mooring locations arid

Sinst rtimeri t (eptloi are giynin Table 5.1.

D at a frotm these Mioorings wvere kinidly made available b% R. Davis. C. Wiiat
and( P. Beardslex\ as vector averaged hourly% cu rrernts.

5.2. Comparison within I kmi

D~irect comlparison bet wer the I)AL anid currenit met er measurements Was made

a- follows:

* \ lien evr the shi ip locat ion ( fronm LORA ,. N-C positionis coirrect ed as described '11i

Chlapters 3, anid .1 ) v~as wit hiln I kin (if thle nioriinial locatioon(of a mooring ( alsoi

correc ted for conit alit L( RA.~N-C~ offset ) . th liD1ALI proFv %ew linearlyN in terpolat ed to

I In ciirrelit mee d1( ~(epthis, arid thle hiou rl c urrerit 11111er valutes wecre linearly initerpolat ed

t, I lie D)ALI mieasiirertew ltIime. ( iirrelit 111(1ers which were eitIher too deep or I0(1 shal-
lo)% for %alidh .DAL est iuatis, were [iot uised . C omiparisons are made using the alongshore

aund c ro-s'-shiirc comlporien ts. \Ohere thle alonigshore direct ioni is takeni to be 31I71T even~-

%lhere, except for Ilie- I nioorinigs. '% here it is, taken t o be 0"T.
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-124 -123

Current Meter Moorings

Ar ~ CODE 2

*39 Y~o -39

Pt Arena

c Stewarts Point

C4

*RS. Russ-ian River

R4

4 Bodega Bay

4601

IB a a anyon

381- 3
-124 -123 3

Fig. 5.1 CODE 2 (1982) moored current meter array. Table 5.1 provides details on
instrumentation at each mooring. Also shown is the location of wind buoy NDBO
46013.
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Table a I CODE 2 MOORED CURRENT ARRAY

water instr offshore
mooring latitude longitude depth mooring instr depth dist

name (m) type type (i) (km)

13 390 3.00 123' 4.67 90 S VMCM 10.20.53 10

14 390 3.00' 123' 55.18 130 S VMCM 10.20.53 19

- ) 38' t9.50- 123' 40.11 S VMCM 10.20

49.56' 40, SS VMCM 35.53

N 38' 48.07 12' 41 71 S VMCM 10

48.09 41.7 ss V.MCM 35.53.70.81

38' 45,79' 129W 45.60 S VACM 101129 NCNI 21 ' VMCM 201
45 71 4 5.55 ) SS VMCM 35.55.70.90.110 14

130 VACM 121

38 38 It 12' 25. 32 S VMCM 10.20
( "260 2

38 20 25S VMCM 35.53

3S' 363S 123 27.71 S VMCM 5.15

('"3 ~VACM 10
3640 27.72 90 S VMCM 10.20

_36.35 3 27K. 7( 90 SS VMCM 35.53.70.83

331 3.2' 12' 31.68 S VACM 10
SVMCM 2(C'4 130 15

33 2 31.56' SS VMCM 35.55.70.90.1 10

VACM 121
38' 30.80" 123' 40.25 s VMCM 20.35.55

30.88 40.41 SS VACNI 70.110,150. 28

250.35(0
VMCM 9

38 27 7 123' 13.97 S VMCM 20
R2 27.14 13.94 60 SS MCM 35.53

38K 25 38 123' 1640 9 S VMCM 10.20

25 33 16.36 9 SS VMCM 35.53.70.83

38' 20.76' 123' 22.94 S VACM 10
R4 130 VMCM 20 22

20 84 22 95" SS VMCM 35.55.70.90.110

Table 5.1 ('ODE 2 moored arra%. S (SS) denotes a current meter string which is
surface (sub-surface) moored. VACM (\'MCM) denotes a Vector Averaging (Measuring)

Current Meter.

4

?1
4'

-l



Sortiparisoti- "vere perfoirme d for t h( ent r re( ( L 2 dlat a set ove-r a %A Wtc ratigi

M ~o proicessinig optiotis. Jiltier lenigt hs of half hour. hour arid 1%& o hours. filters of th leadr
squares. iu kes alld t id point vpew. slati arid single level dleterrtiiations. as "(1I a, x an'-

(ii1 calibrationi correct ions xcru all tes ted. No altertiatres totihe half hour. least Nqulare-
Filtered. slab averaged. cali brat oti corrected processinrg conisist (tit %icIdil iprvl

it t tie cortparisoti stalt 1tic". A siibstaitial imtprovemtenit jIn comlparisoni results "a

oilt aitied . ho" e\ver. b\5 an ad hiei chatige f rot the niomiinal dept hs of I lie D)A 1, ranige bill,

B treat ing the acoustic data it rarige bin n I as if t lies\ hadcoifrniagebri. h

rruis difference betvvviee cuirret t Iieter atid D A L rncasured current \.\as drantiat ical Is

r(lib, d (t vpicalls 30' reduction Ii Ie varlice of thui differetice signal). Subsequet

mi easu rements b\ Regier (personal connnuication ) cotifi rtned thli presence of hard ware,

sources for such dlelay s Ii thle Amien ek electronics. The results presented here use thli

corrected depths for the nieasurenments5.

'I'ic ittrcortuparisoti results are shownr grapliicall\ b\ the scattet plots III

[igl 5.2: a statistical sunliriiars of the results is given in Table 5.2. In the table there arc

* two\% c olunis \%hich count thli numrber of comparison points: the first. No, gives thli

ttal numbi tier of comrparisoni pairs (one( D)ALI measuremrent per 5 mniniutes) arid

correspridrC, e to lie- tiumbier of points showti i the scatter plots. while thle secori.

labelled Ncount s only\ those samples for which distinct pairs, (of hourly ciurment

trer er averages were tised in denivinig a t irie-interpolit ed current to compare s it h t Ie

I)A .. an i hemoe ppiable figure for det errminiing significance levels.

Thle neani c ross-shore ciurrenit comlpotient u at eac h depth as, neasu red Ims hi

* . I).Al. d1iffers by\ 0.6 cnn sec or less from thle meani over sim Inaneous treasiirerrent h.\ t lie

mt oored c urrenit tmet ers: how\es'er the meanis for the alonigshiore comrpon ent .differ b\ til

to 1 .6 c tri sec. withI the DA L consisterit ly showinrg st roriger dos\ ricoast flowk thiati t lie

ciirrent rtiet ers. Iherc is a strong cross-shore arid vertical gradient iti the meran

alonigsiore contpon en of cuirrenit over thle shelf, as we shiallI see later, arid the( differences

ti \ ria. arisec fromr smrall errors I ri our know ledge (of the posit ions for the rreasuremnt s

lI II rig totnIi par vtd ( :o rrvlIa I iotIi be t sm ie n the two sets of nmeasu remrent s are high . ranging.
fromr .7(,-.k~2 for ni arid .9.-97 foir . N aridard (deviations of the differences, are 4.1-5 .4

Mi Me 11 ii rild :1,6- 1n 1 cm(Itn recall r liar errors of 4-5 cm sic inti uand( 2-3 cm sec(

it r s ( er \s pie edI-o it t lie i A 1 rri I ; f r orr i t ieu c onIIsiderations in Chapter 4. The si7c
of u hi dliff#eretiwe- betct~et DI, l arid nioored ci urrent rmet er mieasu renien ts of currents w.a s

* foluiti to MtcraT df b\ sTliall 611t sr al'ist icall) signlificant amount s as eit her the ship's speed

or dust anic frorm th morroorng increased. Irndicatting that hotIli rmeasurerrerit errors arid

giopli.\steal ,ariablilit\ contrri brite to or(bserved differences. No teridencv was founrd for

thie rmean or flint tuat ing d ifferenices tol have a preferred orientation relative to thle ship I.

[lii \ariatice of the DAL 1. tiasiirenients is conisist errt h larger thIan that of thli curmen
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,J~j DA _-'L C\I ari vay jA covar corr d

2' n o2 14 0 - 39 5 37114 3 97 4A

in luoW 195 -; 1 -4 206 C 153.7 173 .5 .97 39

~ 97 18 -. 3 10 22 1.3 179 0 196 .97 3

7(tr 2171 62 -b.7 -5 I7 4 11 162 1158,1 .96 4J0

,m 22 2 -4 4 '2 ~ 1 5t 7 1210C 13 16 .95 39 '
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2 4 [( -3 9 -6 1 F64.9 683 0 (490 .u 8 ;3

no atI,'.2 :(u rrent meter DAL comparison statistics. WhIenever the DA\L v a %%it im I km of

iorttpirt ~ort of D)AL anid rioored current mieter nicasurvie etc wa., madc. A-rage, anid

i-cdc h itt miill are shw.ai, are co' ariance. correlation atid st andard de~ at ion of

ditvicv c r,,ev rmwetsremrit, from cach Instrrniew. \ISo Sto\In 1 a colttpariHot betmttn

'. I pacvd pair of moored int rt]MmentI - in (()L. a \ .XCI anid a V\1(\I ht [i at IlOin
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60, I /60 i i / I I I I-7
60 7 - 1 7/ f i I

V(2 )/ V(35m)
40 40/ U /

20 - 20

0- 0

-20- -i 20

od 0..- . -.

-400- - -402o -- 0 4

-0 '-' -

*Current Meter cmn/sec Current Meter cm/sec

60 II I I 60 I

V(53n) V(7O)
40 40

f 
/

//

20 - 20 2

-20 -- 20

-60060

60-40 -20 0 20 40 60 60-40 -20 0 20 40 60

Current Meter er./see Current Meter cm/sec/ // --4 - /(Om /-
/ /

./ /
,/ / i /

-0 -t 60t 20 -

.- ... . . .

-0 -40 -02 40 60 -0 -40-0 02-0 6

Current Meter crr/sec Current Meter cm/sec

Fig. 5.2a :Comparison of all DAL current measurements (alongshore component)
made within 1 km of a current meter mooring with the simultaneous current meter
measurement. At both 20m and 35m depth, over 1000 pairs of measurements are
plotted. See Table 3.2 for a statistical summary of these results.-

4,., , • .
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60 i 60 77 -71

U/(22m) U(35)
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/ /
40 40

20 - - 20

o __ Co 0

-20 -/1, - -20 /

- -60 O

/ Me /
-40 -- 6 -- 0 -- /-

/ /

/(3m U] . /40 - 40

20 / 4 20

0 0

-00 -- -20 )

/ /

-40 - /-40

-60 ' -60
60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60

Current Meter cmr/sec Current Meter cm/sec

Fig. 5.2b Same as Fig. 5.2a, except for cross-shore components.



lits(--ii ti- -oriiipdrisoii it is useful to kitiov fj% li(,' tV0 statidards"' coriilpari

).%fill orii aint her. Therefore (firedi (orrip~ari-ori ja also 1iiadc he(1 kell III(. ord p~aIr (of

dirreri t rijiEI rs- lit ( ()lI 2 % fiicfi \ %ere- located at Ill11 sarri- depth arid clsxsp~aued hlor-

uo -al. oil( a \ VA l. III( other it \'\C\. Both \&r w i-r ocaie( (loit bi-lo~ siirfauf

liooriig- Ill aliir(3\iiiiaiil 9(lini of' Waier along t ie C [lit(e: ill(- sejiarailoil between mioor-

rig- ). a- appjroxitlativIx 100iii. coiisIdcrall lcs- ithat, Ow tie vpcal distance illhe ship occu-

p)ied (liiritig (otlipjarisoil ti ue. HI'it corlparsoii was niade for the coroti ltme period of

121.7 (ha.\s heginiiiig at 1300t (.\T oi 2-1 March 19S2. The resuilt- are also p)resvriiedf Ill

Iabbf 5.2. TIlee ( diffi-rvi- 11(1 Weei tI li mriasiireriirii - arc surprsi-i\ large - riai

d ifferetrices of (1.5 ali(l 2.5 cm sec aiid] stiard ard dleviationts of i t( dlifferenjces of -4.2 anid 5.3
cII I sec i I fjI a r id \revspwct I I% I 'TI ese d Iff e rcecvs do j o I c o r re Iat well vI w I tIth lie (11 r ren I .

crid so arc tii(t (ilk explainied lit errns, of fouli rg. brokenj faris. cali bratioil error!,. (-1 c

THit coiliparisoil results, arc' (it itncouraginig allid derioristrate t hat nieairgfu I

cuirrentl lnvlasllrelniIW cani Ie obtailiiel fromi thle ship~board 1)Al .lMore accurate riie-

iretinlt 1f Impsitili anid hicaditig should reduicc errors funther. Ali InTIportarit obstacle

v hiici P- mnore- difficult 1(3 siJrinouit i is assessing' arid corrt(-i log for variabilili lit I li

acijusi ( eivi rotineri belom III filp. especial I t hi ifluenc t hat hb bblv hiave oni sou rid

sped arid thuos ol I lie relationj bet weeri 1)pp er shift arid relati've '(,Iocit\ (.cf Eq. 2.1).

5.3. Comnparison at Larger Separations

MIoored c iirre lit riet ers corit i uou sI. measure thit currenit at a slingle hocatlioll

The ship~board 1) -\I. Mreasu res currCtnI at t shll)'!, locat ioti - Thus as thli shipl mo~ves Ill

li: hu ciliiI. (if a clirreri t meier thle t w() litstrint men formt ari adjustable arra\ arid al loxA

si miili arious i. riastired ciirrerit to~1( be coripjared at a v anlt of spatial lags. Durig

COD ) ) Ilie (-Iliwn was, lie reglion for whIiiclh sli iIphoard sarripli rig wAas mlost ilt lit'

(Appidixl. aridf lhii statistical relialbili\ Iiighiest. F ig, 5.3~a shows- hoxN lie mean

currerit I riiastired b.\ Ow li )A I. varied across I li shelf al t lie( -C rie. Thel( origin Is,

akeri at thec C3 -rioori ig. A- si roiigl.\ var.\lug rrieari Field, as, (Ifserv ed for v f I. increases-

lie appjareri t lIsc for iwrii(r(-ontiarisori experirnmeri i such as tOwi onec Just discussed.

DIi.o-rgri(- ii I lie nieari cross-slior- cuirrenit ii, e\wie(-d ]i th lie reselict (If coastal up)\ el-

Ii rig, is c learl.\ seen - Fig. 5.3b shows hoN lie correlatilon belti enI \1 arid rioore-d

lriwasiiremierits at U3' fall off as a furici on of offshore, sep~aratlr ion(f the ship) fromi tOli

moorinig, for u. c(Irrviatiri btt&vr etrir die ist ruliirrut falls to) alues riot sngniiF-icaritl. (hf-

fvreritt fromro -i) a s('paratio(ris less I hani rli moorinig svIparat otis. while foir x . h cros-

shori cirr(-lat oi lerigi Ii is suibsi aritiall\ long-er. Fig 5csho,\s, t hat I be riris differi-iic

ho-i %vcll (irrenitts grows ralimll\ as a fiirict oil (If crrls--slielf separaton1.
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Fig. 5.3a :Average DAL cross-shore and along-shore currents u and v along the
Central Line at depths of current meters (20m, 35m. 53m. and 7Orni, as a function of
cross-shelf seperation from the C3 mooring. Stars show current meter averages at C2,
C3 and C4 over same sample times. Note the strong meari shear in v and divergence in
u across the shelf.
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Fig. 5,3b Correlation between simultaneous DAL and C3 current meter currents as
a function of cross-shelf seperation from the C3 mooring. Dashed line gives 95"i
confidence level for correlation over available samples. Stars show C3 correlation with
current meters at C2 and C4.
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Standard deviation of cross-shore current cu(X.z)
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Average cross-shore current u(xz)
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Fig. 6.3a Number of observations at each depth (m) and distance from shore (kin).
Each observation was made along ore of the primary CTD lines in Fig. 6.2a following
the spring transition to upwelling.
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-124 -123

CTD Stations

Secondary Grid

0

39 -39

Ip

- Russit River

IV

is
C,

C I Bank
38 -j- 38

-124 -123

Fig. 6.2b Secondary grid of CTD stations for CODE. Stations lie along the 50 and
100 fathom isobaths, and are numbered consecutively from northern station. See
Appendix for times occupied.
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-124 -123

CTD Stations

Primary Grid

*ELk

* Irish Gulch
39 -39

Arena

* North

-°•Central

* 0

* Rosq
Russian River

Co"fBank

3S S

38 1 C- 24 1-123 38

Fig. 6.2a Primary grid of CTD stations for CODE. Stations on each line are
numbered consecutively from station nearest shore. The Irish Gulch line was sampled
by CTD only during 1982. The 1982 Central line was some 3 km south of the 1981 line.
See Appendix for times occupied.



61

1981 windstress
1 APR 1 MAY 1 JUN 1 JUL I AUG

U) 3

-5 -- 5

70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220

day of 1981

1982 windstress
I APR IMAY IJUN 1 JUL 1 AUG

AS

_\ W 0

5- jj -5

70 80 90 100 110 120 13 0 14 0 150 160 '70 180 190 200 210 220

day of 1982

2'

Fig. 6.1 Alongshore component of surface wind stress (dynes,/cm) at NDBO 46013.
computed from hourly wind measurements. The hourly stress values were low passed
using a Flter with a 40 hour half power point.
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Fig. O.6 i1, Itiap 'sIom\ Ing it primcipal axi - arialvsi of current fluct Ualiotis about

ro(Ilan at eil 1 ('DI ,tat [(io for a dlept it of 3tMn . A, noted b.\ huridu arid Allen

(1976) liwre is a stironig alligirt(o of tOh principal ames near the coast. while farthler frort

lior( I ho, fill? uat loij approach Isot row ali(i soI t(i prinicipal axe,, Ie along ranidorm

(direct Ion- ( ) (-r I It( siief. t h( primcipal axis, direct ioni rotates, offshore in I lie samei sense

a'-, Init sotrie hat rior, stirottgk I liti. tit l sobaiths. Along thei Arenia linie. representingp

ie( flo\ iiroiiid i-i lortier. Oil.- rut atlort is (s.pl'(iali\ proniouniced arid fitiluahi l Otis ( iiik\

htlloti '-Ioue- it a(lMire lot \% 11(11 distincti lxaw from the( coast.

6.3. Discussion anid Summary

''lit shiphboard cuirret t iasu renticrit 5 prov ide a vie. of t he mtean circulat ion

'.%.hucl h , \er.\ \,el -amtpled Ii space. hut niot coritiniuousIN samipled ]i time. It is.

ap(parent fromi Fig. 0.1 t hat . i'speciall% d uring 1 92. sampling mra\ be biased toward

pvliodt> of ill) % M&1(1. The bias- Ii tlie- mnean currents. dure tol shipboard samnplintg of the(

id h .rc ij nga,- 1s t riat ud at ('alt ('T) st ationt front a simrple regression analysis of t he
40 till eil li urret tlurreitOt on lie \%Iiid stress, at ND hO 4613 . The( predicted bias

\% a- sti al I atild did not significant iv affect t lie, stroucture of the( fields presenite(d above.

'I'll( es(1 spatial sanmiplinig prov.'ided b.% the shipboard D)AL c learlx\ delineates

Ilie( (lit and iri te(risi tof featuores Ii the( coastal upw ellirig circulationi .As expected.

Ie titmanti c ros'-sliilf circullat iloti shows ant E"kinan layer of offshore transport near t lie- sur-

faie witit ret urni fle.. belom.. ()tit r o the( shelf break. the( laver of offshore flow& deepenls

"]tithd taie fron i tli coast. Thel( poh'e ard iunrdercu0rrerit is clearly seer) In the miean

alomtislilrc clirrerit: it appears- st rotigest near the( shelf break. and surfaces near thle coast.

A Fiea r siirfacc eq uat or.'.ard .)et is apparent Int the inean alongshore current across ('achi

h.\dIrllgrapli inne. biut sintic it core ttoves offshiore' from tiorth tot south, it is artificiall'

stillot lad outt %%hbent ttlats are calcuilatedr a, a futictljr of offshore distance alonec. Thit(

cirretiit sIll.'%% smiificari t i ergenice Ii bothI alonigshore arid cross-shore c'omlponie'nts.

froiti \hich the( rcnier xert cal cuirrent cart be (alcullat ed. Meat irp'.ellirig appears Itl

* li~~ccur ovr t Ia('n u ire shelf. providing ctioulglt '.(rt cal t ranisport to balance the predicted

ntilart Lktiati t rans'-port lit th liC OD)E region. Fluctuti ns11 abotit tie( rneani current are

t rontgl plarmi'd Ill t h( aloligsliore direct lti near I lit. coast arid ('ssetit allx Isot ropic far

I rltn t hf' loast. Hll).xl''.r. flo'.' near tit coastal corner at Pt. Are na shiox's fluctunations
plilari/el a.. ' frorn lie coast. FPerhiaps- tlie- mo~st inte'restirig Finiditig (if the ('OIL D)AL

5 tniti~trtnii'its, ile~c'.er. lis that tIt(e relat ivt sirnplit. oif t avrage field dloes riot carr.

ox er to t i( s'.riopti IField, ac, tlie- mtappinig sujrveys discuissedIli t Ia( next chapter ,,Iio\&.



16, ~for 1t d\I (I'. iii leignt (e.g. Reid art( Manui Ia. 1976) v whiCl ar( requiiredl to infer I t

gec -rolphie cirre,,t in slihll"". 'niter AnE uxtiil (of thu lititiatiot- oif surh1 5(li(1iiE W

givn ill ((1 14)117.1.

Sigtiiciart (Ii. rgetiuE dui dx W~ "dServed ini th liE lari cr055-Shor ((ctit over('

lit . i hef fig. Ilol e i1h( uipper \,Nat -r Coluin anid negative4 deeper dox'. lit

I it upper .%a iler ((iluin oxer t fie sielf. t Il (-ros-lore div.ergelict average, 3 11H) SEN I

I n agrne- xxi h Da%-~ W ( I 9x.Il cI Sailte of surface divergence frorin drifter mievasiirf*

tnilrl-, If IliE( (hivergcti(e ini lilt akoig-ior current (anl bIe niented. Itass Coniservatilon

ad ill( diE(at a ill F ig. 6.3 ittipl\ itt IlR rileari xe-rtical I upxxelling) curret %\ill he(

(ilre(tie to.ard the( surface. xxitli a rlnaxliniurt alonig tbe 06~ 0x -(0 Contour. Altiougl

4 ~ ~ ~ il t Il dat a (1o not reach thlI siirfa(( or thle 111) tni. integration over the data slio~lii

g4g~' : tri~all itfI''e'llilig rate at lt- rniilter roaxiniurn of at least 0.7 -101 Cr11 sec .

(or 1. i ch. , a veraged over t he ITe 15 km n9o shielf. The implied vertical myass t ranisport

lil1< tn part (if tIlie shielf would be ahout 1(1 In" dax . all atuiouti (qual to 6 le offshjore

Lk nati ira tisport forcEd hx a irleati surfaCe wind stress of I dynrie crtr.

0 It, (hifrao ivergiev is also indicaed ini the Mii, of INli deup mtaxiiuii

irii earIli- sief beak wbtlirhis restult represet t rue physiCs or 51inipl atl oiver-

opi;t111tIiC estii i oate(f sta itial relialuity is tiot knoii . 'Ill(E littited EvidelliE froni tHie

rtaoored int rurrlents at (7) do sliox'. art increase inl 1 in this region.

\NVVraging ovr )ini We ahElv anal)&s, iuqntQ ' assurtie' tat aloniohore inho-

tiigvleit in IlE( st atist ics s, uimtportat. Ihis: is donte ii order to providE increased

delit of observat otis inl a broad overall sect ionl. Asecs of alotighore variahilit) in

HRi stat 1st~ I Catn be examnin 14(1 hxComtparinig t he average seCtloris Eobtainied along eachi

("I'D liEt( ']'t -ectliris are shiowti in F igs.G(.-axc arid the unert aril. signiflcariQl

itirreadl ii' t lhati t lie %-a'era ged SEct itiis shown in F ig.04b . Iii estructure ofthe
tit aoiboeCret\i osdrb nore jEt -like in these inidi vid ual sect ions t lian

itn In hIoxerali av erage Fig. 6.3h. Mrn n"Mrth tI" soth. tAli core of th lie e acceler-ates and

1 ilgrit I offshlore. Thle latter resui tis Cotnsist entI Wvith the fact thiat lieu st onugest offshore

* flux' app~eair- iti Fig. 6.la t) lie associated witl hi t (-ore of lte jet.

hwalotigiore st ructure itn thle ttiear field implies a tiotl-ir4 0\ dx. tnegative

oi~~i(I ( po-iti c(ffsliEre) oif t lie Core (If thle Jet. whlichi Contributtes ito thle total oliver-

giii rI--poi-ifi - for lt( oneati tipwelli. lkCaise I lie (C(re (If tlE jet nmigrates offshiore.

D ()k0 i it fiiti l oti(ft lie( alotigshiore clrdiiat e .\. flatlher than at teriipt a simtple

itidependeri t rijlr-En li at o(f C)x k) t) ('otilitie wit Ii dii dx froti Fig. 6i.3Ef dx\ dx x a'

('- tinated front t,..( pair, Eof ()TI fltie, atnh hle results shiown in Fig. 6_.5. 'l(e effect Elf

dt\ 0x I, to siihltdttiallx increase the infered niaxittontum over tile shelf atid tol decrease

it belon lrilt, lie iif lbreak.



'I'l( rileat alonigsliorf ann i' ros-, -slort current art sliO\ It Ii Fig. (.:'1. \la ti' (if

I lif fe-scalhature- exp-cted for a coa, tai upx% tilinmg fil\% field v.g. Alk-I 14W
li u~ r ( % ) ) can~ li seen cleark Ili t lie average- fields. ( -(;ltilt N&Itl h l olbserveil

(cqiliorv.ard totau in tO ress-. a ituar sinriact, la's er oif (Iffkhor I raipor!i (V iclitit at l

illi-l~l1r 1oj jTt II vi" Iii Ih lIickti(s- of t i- l aN er iticras-- fro it, Is- It ha i 2(i

titar i i Itai to about ;i)Oi njear tle shelf break. \\ iak onshoru fliOxk occujrs ve(r.%,Ahii(

tb 1 t% hisld\ kiT. exce-pti it region over the( shelf iear Oe bottuom (if th( D)AL re-olutioTt

'-s's lI I t hidifi-ri-tic froir v-ru v- geuierali. not si gniificant according t o Fig. 11ic 1t

Ii- pait Icit of cro- -siirc circuilat loll which produces- t( uupw elimg of icolc .s at er tear

Ie It( oa'- Niear t hit( stirfact. t(i alotngshore miean flos& is ( iaract cired I)\an e-quat or-

\s ard jpet extetudinig fromt miidshelf to hevotid tOw shelf break. Holox m colileii to iO

i-quiators'sard ni-alt NsItid stin-,S. a pole\&sard utidercurreut . st ronigest nevar the -hi-If break.

>11 rlact-, tiiar t hi (uias;t

FlitjaiOtt- Iii ii anid \ about their riearu vaue Fig. 6.(V 1 arf al least a-

lgia- tIli( Iliatu- t hciittsil'si-. Far front shiori. the flucit ii i- ]itii atid % arn ieiall\

-itci-i it - A- t it( ( oa-l I- approached. t he fluct uat lOtis Ili u are. damtpedc (trattat walls

Ithist ri,-soIt- (it(u Ill(. schliui i pitt lin- (if tOwi ups' linig flo' fi-ld inferred o ir t ho past

I (-cadv- frotm potit ( iirri-ti Inli-asuretretit s atuch lodrograpih ( Ig],. I . I

C,'ro,-shuort, and vrt cal g-radients Iii tw lie nan Field- %cer(' compiuiteid b\ sriioot h-

tug First ihiffi-i-tiwe- hi x'sen adjacent (x~z I binswit \,.II a 3 31t rianigular weightlter

'Flue results arc showni Ii Fig-s. 6i.3v anid f. FiIn i O i eroior. awas fromi surfaci- atid] hottomi

t rissis. tIlie yentical shear uti ii is smiall (gerierally\ le-ss thati IW( se( Ahoy i 40m. iu

lbe( hlti it- nct(reasing l sheared as ilii' surface- is approached. w, expected in Ilihe pree ci (f

.% id forcing. F-or v .\' cottrast . substnrital vert cal shear isev ideri over a much

,ri-ater depth ranugi' as expect id if tie upxx elled deuusit v suirfaces are geost rophicaIN hal-

aticid .A routgh (,t ittate o(f thi- moiau geost rophic shear c-an be muade- from Iluxer's

ri-port of thle average (of 17 poist -t ransit on h~ (riigrapliic sectionis along thi- Cenmtral ineW

duiritig l9l Fii.%r 19-11 V iihstliutitg metiasuired lisopvcnial slopes arid O p r-. from

i er' i-- Fig I mitI o t ii t I-ritual wAIind vqutjat ionI

o\s g op dv

0, 1 f c)y dx

N I- t titar tIwitar of 1. .- 10 : as a broad averagi- for dept hs gneateir t han 50m over

St ho lit-f l Th- 1, Ii rilligi agr(-emnrI wIth. t hotughi slightl', smtaller t ban. Ili- direct's

mcuasturi-t 'saline>. A di-alid ctimiparisoi (over paired( DAL CTD ('') livasirimu-ts is mndi-
cat id. adl will hi uindert akin. to Find Owli smiall deviat ioits from geost rollll which are of

mtios dvtiarttical Itr-rst. -Not i' thlat such direct comtparison of measured and( geIst rophic

Ohiars ith'siat- e Ht li e-d t( iiioki- art's of tiii( tuecissarils ad hoc e-xt rapolat ion schenes
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6.1. Data

I)uririg 1 to prinig art(l suimier tiiwellirig seasonrs of 1981 arid] 198.2. in corjiit(-

tiol %ith ( ()IL. SiEnii 74 Ia\ s or cuirretnt dat a were colilc (d iii I he coast l arid off-ti()fE

xk atr- of' Non rrn ( aliforrila using thle D~oppler Acousio: Log on board th Ri 1

N% cm iia. Thei daita .%(,r( collected. for t lic mrost part. during niorrmal ship's operation

relat inrg to o1ther aspecs of m m1)F pri niri l; (Iirinrg the hyd rograpliic survey inrg cruise.

f'iguiire l. I shioi&x the periods of D~oppler log operat ion in Ihe CODE area. together %kith

11ie alorigshiore (oillponenlt of thle surface winrd stress. conpo d Brorni hiourly wiud novas-

tireril s a(i Coas t Guiiard Buo; NIW1 1 AM arid 410 hir lox-pass filtered ( this dat a wav-

kiiidl. miadIe a,.ailahlE lp Geo rge KalIMW% F igu res 6.2 sliov tie CTI) st ationis which

S c~~orn prisid thle pri nriarx arid] sf-cotidar) siirvu grids d urinrg D~opplecr Log i ?ration . The

sIarliililig lustorx at each (TI) stat ion is shown in thle Apperidix. Somre Jditiorial data

%%(,rE Editaitill in 19S2 during rmoorinig deploymierit arid recoverx cruiseh. Ini order to

fiocii- ol (Eastal (lvrarriics dii rng the upwelling season. data ohtairii'd prioir to, thle MP,2

-pring trarsitionl (hl~s 2-5) were niot included in the anialysis.

'A e shuall first discuss thle a veragedl mreasuremnie ts. thlen consider spaial variahi I

itx in thle avrages%. ari ( inrclide ill tOli next Sect ion w&itht an examnrat ion of thle syliopt it

Felds frorm w xhich 1 hE averages are formeid . I'lE, riot atin will be standard. with IX .x.Z.l

inl catiin onshore . iipe~last. vertical If(osit ive upwards) and ti me coord inat vs respec-

0 1 ~~ivvEI\ ( irrerits, are residx d into criiss-sliorc arid alonigshiore comrponients I u.v ) along,

each prirrar) (M ) lm .WitS the alongshiore direcion Muirg defind as D" T for thw ll

arid] Irish (,'ulcl ilines. :)P, T for thle Arenja line. arrd 317" T for tie North. Central arid

Hoiss linus.

6.2. Mean Fields

I igiire- 6.:, puresient s-tatistics (if thle coastal current nrouasure~ntlins as Vuict im (if

offshore distn( alii arde(hpth.i The results .%(,re, oht ainied b) first axeragirig the data in

'-paci-tri inrs of size (dX.dx .d,.dt (2.5 krru. 5 kri. 6.5 "i. I day centered along each

,riluar I(TDI)lnEv ill Fig. 112a. then amer"irg over , arid t . Th~e niurriher (if observatioii

Imat each I X.7 i- sluoxmir ill Fig. 6.3~a . Lach hili ha'- beeni treated as anl inidepernderit

5dic (IE I tlie short t imeu scale %% as choenEE beicauise. in general. resannplirig of a statior

aft er mrore' than I hut less t han 2 or :, days was riot done at raridomi hut by de(sign -'hen

* - ~ ~ 1(1 Emirionit ins had Anif,& signifvitlx I,
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%u. T, along principr' axes
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Fig. 6.6 Principal axes of fluctuations about the mean currents on each CTD

stat on. Where fluctuations are nearIN equal, the orientation of the principal axes is

ran dom.
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7.1 L introducti

lilt p re-led ing rescri pt i) nif I lit a%\ era gi cur rvrt field Is deceptive in. it- Airnilii-

(it Thle a,,erage field , srnioolt h. Fluctuationis abouitt the local rrieari . however. art at

heast a'- large ad> t he miean- tierilves (Fig'. 6.3) Thei av~erage field - t hen nrtwe-

, ardl\ the- t pienl fild Ini tin- ciapt r m~e shall present rmaps of cuirrerit s meiasuired diir-

ig, ididuaI D)AL siirve\. Thiese ma lps reveal a high degree (of spatial varialA hi ho

thli t pical Field. \rinn tis genieralI compiflex flov% field. sorte feantures- appear to recur.

'Ioof these. thle relaxartion fromr strorig minid forig arid ti lietongues of c-old m~at er

inric d from (iiastal into o (ffshlore walr r. will be discussed lbriefl\.

7.2. Synopticity,

Tlo m itl extent m ill rrap>- miade fromr t ie (011 CO E )oppler data be svruoptic'

Davi'- ( r195th) ha- est tried a Lagrariari t imre scale (if 1.5 day fOr currnt fluct-nt on-

fro-ii surface drifter rrieasirererit s. and( pointS, (lit that this is signiificant l shorter t han

thie da [Liierian lim rr tsale (le(rrrinted fronrt 24- hour Filt ered currert m neter inieasurf-

lnrlit s. ind~icatig thre presence o' st ronig. relatively long-lived structure in thle current

Field. It should he rioteid that. since thle shipi travels through spatial st riucture an iirder

oif' ragriit unt faster than do~ thle dirift ers. t ie( D)ALI t imne scale will be mtuch shorte~r t han

ex fri till- drifter ife scale.

To (detefrmine the tlimt scales of thle enierget ic patutrris oif curren variability. spa-

lial emnpirical iirt iiogora! fiinctiotis (A M)l mere det ertminied front the ('01)12 hour])

rr(rd (iirrftv rrir clatm a ~ fr3ri:5m depth wiaid thle deorr-eat tori irrie (Davis ITS)U

oaliujlltefl for thfe tlile %ar\ rig atiliturdes oif each 11F Ase xpfctedl thle miore erffget i

4 tli~fiifode, i\ f lairger spatial scaes Iwile, tie( les, energetic riodes, cntaini the shorter scale

st rilet ir(-. !)c orrelat ii t lmp foir th le(nefrget ic moi~des were alsoi longer. Thel first four

F01 ,l explan 79 if(f th itorftal variance, (I 9i. 7 i ariu C resjffctivl\ ) arid hit\(

an urifrgV-"A ghied iieirrflatiri timri scale (if TS days (3,5. 9.5. 2. arid 14.da res (-

ivl\ ). For thie coastal D)ALI surveys to he shown. thle average I tia separating' pairs (if

rriiasiirf-rril- . t, 1, * . ran gei fromn less t han I S to about 1 -1 of this decorrela-

tin t itrif. Thui' althoifighi thle DAL I survey are riot a snapsho~t, thle feartures seeti arc

triiici irior' irudicatv Qto spatial striictir than tepqiral vairiability.



Ir g-- T. I I- TA e% pr('f-er ar. at ia- oif il pliercorriia ohscr~vd ii tite coastail

I Irrr r i -I ui t Ff-I c T-! I I tit -lcctioardl mraping effort of (01)11 'Ill(e urrerut iceasurerrilis

ftie trollr, i ei k, (d 21,11. 1ei o,(larit r'-ur-ce-c- selparaletd I Nic -5- i hai it

hici( ()ur self- 1 chit 0;~ tt,,:g u rfijut lerrce-riur %%xxhijfexr rce-l~It xi. (loujd-fr-(

in catge--. (lo-a ce tue Ill tI ic to I ie( fIill) . %(re-- x-re axaciiaul from it ce (rippl- eReiete

"vitc-acg I am( i% Lit( ! 1ilag ( iititmtt- at e-ge-rim1 'iIoaill,"g I i( iliti if hot I t c atl.lilf

ctccatge arid -il; -iirxe% '[I im tark- Ilaxe f 1( h- ilaced v% er\ hialf degree ief lat It tide andm

long 1 11(1 citid cll(x (leer for I f( ur-reic - I- -tioe.e rc. 'FTeliIiict of all\ c urrerit arrmk\

4. e~~-rre-pweici- I(.i hf te i Iuhaceme-c I)\ t ill (irrew cix-r a 1.6 hour pc-rued (9.:, huirs- fer Owc
jag ic Ix Fg 6.2 itm bcl fe uerhaIudI(Ii )cr aihi I IIrIiag I o rv I arI t Ii ( fe atIure- 5( seI i hI IIf

that ltc tit( t r\ Hg I it. I i cc-- o g iugeI, IN wIn-% Id forc Ii Ig duIfring vachI su r,. \ Tihe

rit rcraii ii I c~ tij tte -r Ittti'rcrt- I tkef-rI( id ring1 c-a( h sirvx a re devsc ri Ied i in a se rie s of I1)atIa

11 .\ ci r iiat i i ((- )xior ker- ( ( ) S I c-f(,-re-i c sc-ri(es ).

0li -ac 1]( Ial--cuxx- I Icucstht ca tcirfam,(ivttp(ral ur %aries st rotigh. lin both the(

atwi-hiccro and rei---- -t directrior. -Xli oiuigl sich aluiri-slcore x-aralilt\ heas lonri becrc

iccit ill -aih~iel Irirrap- Iecrrsvir. (I al. 19721. iis relvanice as arc Indicator ocf coastal

re 1-4 ii i i ti! (-\(arige h&ci--se -a rerecainced li docubt \Wit 11(111 mr situ emrcastire-

il- Ih( cli cxStlit oef thet feat tI re- arid] st rer-it It of l, It( assoiciated circtilat cmiii wal

TIc I i Xl cr recIt I I rcia-c irr Iri - (- vx I li t a st ro ng I vialI (orres pot(I dI t- \% xiit I t Ie

sat Ihue litfd-ri \v let crHit( f i v-rrcl e-ratI u r( Fiel Id. k\ Ice- this is i rim. tOw fe-at tre, lit thi- sated-

Ilil 'tiage-- c rtce ItIcici I)e- cisirismed as skit: effects oet the sea sutrface Hatier. the

(Iiili Nxate-r ciexmch cl it tar lOce- coast act,, a,- dxe. trac inrg featuere, lin Ice floxx Field.

lice aia iueti it a 11c ridei fferernt irrpri-ssioiti cf lctcpxx evlhirg circuhlatioc than

that eitcc jirerin I it rtcar Field ricascireree-its (1jcue11 d li Chapter 0c. 'Ilce icean field

s tcIi(x %% u-t Iiofht Flomiof ccrrcc~in i a scirfam(( Lkrriau lax er at \vlocities, of oirder 10) c-rn sc-

cer le---. lf -x rici riihes. IcIo~kem er. rexe-,al gre-at Ix enhaniced offshc flocxx occurring inl

rcarrem hcandc- iinrg tIlc coal. Alsec oiese-r\-d lit drifter records fromt lte sarice period.

I~ami- II~tSia h- ilicicicd these featues- ().,iirt? 27 April VPl (Fig. 7.1 ). a 1,5 krrc

%%d qui irt I- f-tcy i-rl(re( 25 krrl soulth of Pl. A. ( rc na. (Cold water diNes a portion of

Oil-- -quirlt hmc boeth Ii t Ic DIAL thIe-rrtii r record arid Ice satellitel ifliag(- shoNA that the(-

squlirt i- ,oif-\ ha wil\ier t htart t he- cid t origtce. C omrpernsatirng onshore flo%\ at depthI
(lee-- fcil o(c icr "ithilii tw li AI rartgf- ocf 150mrrc thcis flo%\ is trtilN three-dimensional. TJo

tieti ert I arid] ,()it i of t ie- squirt %kx arrm su rface wate-r accomnpan ies shoremx ard flo\x

A no t Icer sq piirr (arri% ill\, g i xcIled \x at cr se-award crosses ticc- Ho(15 lint- in I t( southI (c-f.

F FIg0 2a I De-seite ge-ne-ralk st rorcg %% lici fuorcircg. alcencgshccre cuerrenets arm \Aeak and tllhe
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4A cek lat cr. I t region %N a - rcsur ev ed(I Fig. 7.2) dutr Iig a perid (of ,t rotig

ilaid for( Ing. A.mm tiuc mot re eIis- tI( alA,1o obhero~d lit thll- stir) e\ . \\ ith cii rreril t polar-

iiiil aliiig~hort ()% cr nmsi5 of I lit AO.L. I lokk(-r, off Pt .Are tOi t It( curi-rts t urn sva-

\% irdi ait'i ( arrx\ Ing iip% ld v. at er a%% i.\ from t it( coast . 1'urfact. drlitvr d(,l. ed III a
Il( off It r i r dII frait (ui ((I i a lcII I II- oibse r vatiIorI (C vig. 1, i Iai 1 9 '1lI

\varlk I N I ktil friimr lir(,. >.t rotig, riarro\' current carl lt seen deforrming t it( I (trijera-

I i r Fiid i i he( -nit hvrri port on tiof I lit, sutrvek

F ig 7.:' ttke, It cltar t hat etierget H (Ad Ic- (-Cr11 (red over iI lie coirititieri al slope(

at. r'a( I I()itt i l (it( If aid to defori t li t etriurar ti re Field. ,v eep Ii-it up NAvl(d wat er fro t I

tho .Ievlf atid (-\(It recirctilatirig it back againI. li sur~e.' appears toi slio\4 a courtier-

rotating eddIx pair. jotied alonig Pt. Are ha. 'Tue( st roigi onl offslior( currents, frot t livse

cddulc %e~(,r( still apiparenit when Owli area '\ a- restlrv(x ed (Fig.7.)

F ig- . 7. 7 t lItrotigIi 7.11 c chronicle t it developrtiewit (iof t ie( t itliperat ire arnd clirren I

field- ()\ er at two week period l in mijd-)l iiIN 1 92 W. flit %\ liti- xVaried great I.\ at

Il M( ) 460 1:, duitring t lit, pe-riod ( Fig. 6.11) arid] shiphioard wlids-( lii\ er. cl a/ 19,0 ) sitooy

nirg v.ariili I li rIti tit (oilrme of each su C\- durieinso st rorig feartlires ar(*

ol[e,(r\ ed lt I it( (iirrerir iiasijrea mi er several da.% s* which coirresponird %kell to( lear irre,

It t, Ilit ,va surface t crtiperat uir( . miiasiured llit ItiItitI es b.\ t Ilit sat ellie. TIwo cold lontglie.-
iire t~ih--er\ed Ii t ill Mriage'- oIf 3-1 , 1 ix 92 . 'Ie northIierri tonium, C- IV i (1tis

along- lie soulherr edge oIf a t irorjti\ licsared current fear ire Ahich hugs- t he coast niorthI

oif Pti- Arena. FIllue ()iit lu-n. torigti exhiibit- wevakcr floxA along it axis arid \ueaker shear
iicrois- it . 1IN t it( last ,rurx (Fig. 7.11 ). the soutthern toligue, arid the cuirrents asslici-
at(-ed %kith Iit. hia'~c (11isirlliar(.(. Th vvo t to a e.roic(ddx\ het 'een thI 1i\% (w

(.()I(i t (itigti(' carl lw svetin I i 1 arid alsii li Ire current mreastiremenits o1f Fi~s 7.10I

aido 7. 1 1 . 1 his eid x. tnt erd o~ en tht li(oti iitia) slope. domiiniates t ie( dx tartlic tlipog-

raipilu duringt Ili- 16-19 .]III.\ str\ v.\ li ii. en. o al. 19,%4 1 . and( one( srurface drifter %ka

rapipedi hx t h(t vod foir tiearl\ , d ax s omictirig 3~cr'i aroiund its, core.

Ini irrtrar\ . Hle rriap'- slio,. a ctirreri field \Oicli \arte, stroilin hlothI x arill

*arnd Ol hid oril rarel resewnie- tOli smothiii avrage field descrihed lit 1;ectioii 6.2.

Iti'.t aid i iictrring li a simiple- surface IKkiian la~ cn. ,sirificant ioffshore tranisport of

told (iiast al %kater i'- eet lil %er act]\(e rigioiri of short horizontal scale .. JetI ill tit(

aluiriglore(ir it n. th litrtu;t pririen r feat tre seen lint Ilie uean field. is seen (inil occa-
.iiiralk Il inlhelndi (rj Iridal maps. St rorig cirreniit flint nation'. fromri th nreari Field are

pr~rlat a x% idc rangec (if scales. arid coherent e-dd\ -like, st rietutres, centered l)Cyotid tie(

shcif hireak carr-x x at yr tii('lled at t lie- coast far out r1() sea.
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7.4. Wid Relaxation of April 1982

'lie fn~c ron, lg 6 o(i '( )1)L 2 afford" wel diedi~ vxadtlfcI of a rI'ia\at Or1

if irrenti Field ()I. ce'-sat Ion1 (if St r(irlg tll~iln~g lia\oraiuie A [it(d forc:ing. 1IolilI\% '1ig

',aillel cqlailr%%ardxli jd \ \1115 iiI(' conimeiti(t-i( on 1-1 Apriml l9X2 andi ajipareritr. lx ri-

Sgcret it -I Il Jrig irawiistl fiiIllixcr IL oiw.% and Sm ith 1979) to the ijiNcuing d.\nailical

~ihl I, I Iii( )I, reg i ( LuAtz arid \\tMawi .i prellaratiOH (. the Airids ovr til

In irt ('( )DI 2 tirma cci'atiid drarlaticall\ or 19 Ajril. arid retiiaiied cairn utill 2.7

\prl Hill iIt-a"il ( urrllit Field ,a- mapped ). sIijluoard 1)AI. du~ring 2D-2.1 ApXIril.

Jill( il[Ullil( (riage frorn thi, period 7 .) and~ 7.6 ! IlI( alias) sii(IV> a v edg' (If

\kcirlii'.rfaif \%~at er (Iocl i th ('t(cast. wiith cooler %%\ater 1  ing off-shIore. ',rriitaneoius

li Itrlgrihil iti'casllr'rci('ni ' le Hischhiin. C;ilbert arid 1li~ 9,S3) ,hov, that the( Aarm

"ii rl~jn \% tit r 1, ilit(- o ilil'll %T ('hIM c (I t sho(rt, Ill\ a I fun lax er (if Io\.A salini .\. The-

n"-ai. I'.'r.flit g at at a. vrag rate (If 10) 1nli'SCC I (urIng 11w insJrio(I~ Mark-hatii

*(I".. I 9"l 1,i )Io-iIbl( 5kitr( for tlil fresh water. bl I- p)robahdx ton smiall Ill exp)1lit

'['I' (ltslr%l' flov Fie-ld 'i- rerrarkablll (Figs. 7.7l arid 7.6il. Near till ((lat_. Stronig

;)oif'viiril fio~t, i lssociald '.. th t i( banid (If Narm waer w'hi flov Icculr, t~ till-

.Ihsvtlcl' (If ati\ sigriinari '.Nir11( forcing. I. irt hewr offshI ore, a stI rotltg Iq tjatIor\A, a rd 3('t IS

1Irv''un t (I.iil tIll'f lic t or rval i/lt kmiti lf I tle fio).N Field showN i n tie at las. thiws flow is

St ronlti poiari/ed( it Iit cdri-lshiure (urvcirof. '[liv e (111( struct ure (If till aionigsholrl

flII%\ tl rwio a series, (If ("'DI t ratiscts colx Irig a 3C) hour pl'ri(Id is shown tin Fig 7.12.

-~~ (lSIda I'd front torthi to soulth.i .N arshurI p(Ilv%%ard fllI\A Is (Ibserv.ed ti each I rd!Ise(t.

ali: itroln-gk relilicl at tlil Irish, (;uch [.itI- north (If i. Arenia. 'l'( observed

111011 hilrittal shear I, st rilnigst aliong tie( Arenia L'Iicl. .khvre' v ox> is slontlwhat

;agrthaii tint ( lortlli- 1lararolcr f. 'Ilie, oilser% ed vertical shear strlucttlrl is tinteresting."

'il III\\a Fir hiI- rclatilx II' iar(It r(I[Ic. v\hikil til llffsilorl' /lorl sho\lIs t ronrg x'ertical

'in'ir Id 10) a~'~ ndl mrer. Tli suggest S that ill, ilearsilorc o ' ,(tl " iarltrolf'call)

lor~ld. i1- h\ tit don~tg-holrl s-.v lv II gradiett. Ih'l( hidrlt roljli( ('(ltlipolillt oif t il flox,

(oh, ilt h(i d-i 'rriiriid hI'1(rIograi)I(alk At\s a resuilt . til' "urfaccl dx larrIn ligil rmajI'

trowii ihl- flirlill fail tit dvlci''' till ImIil'ard nlov. rcar till' coiast I li'sciiili. (;lliert arid

lhjcix r 19"3).

ing t- rmlsI. till ('lit ral h1:11 \%as stlrx('x('( I t ities Fig 7.13. %%hic(1 shiows offshiore'

plro~file,' of tiwl ailmrilIhrl' Iirrmr at Pmrr (IcIt h for each slirvlx shio\%, t hat till' cross--

shl'if Irlfil' (If ch'ianigedi \'r\ hit il in mrrI thatn 3 da\x wtithbi 201 kn. of ill coast:

* tll'X(Iid 21 Oni (lffsilor. till' I'qlatr\arldlr 1v It i a~I~jarvrt lx sharpenied sonewh fat



1(q \~I I I ie ccoilIld arid I illrd silr% (v-. I'c low- fromi (aeri sur% v\ FiT1.1 art al,( relai-

p1% i\ Iilclaiigcd o\ver (lii da%. e-\cept for sorrie %\ akeuirig (if I te feld ecn itI t liel suir-

CI e. Alli Ilieor\ %O.c sue ek I((t accunt for Ithese- relaxat ion (-.citl- 11111i41 t.~li hi li

Arlii ret igfoot note to Il - d ll siit 101 ri iiI~l-slirfial( shear fid

iiriilg n la\,iilr e,%til- ( Fig 7.17,) Prior lo tit s prinig i riislilol. thit near surface. shear

Fieli hoii - t rong (ifitripiIt ide 71 la iit iolII- it td Iur11 al IrtIid iIg t-e, freq lliit> I-or mlost oif

I t(o HiI -i ranitl un dlta. I lose Fliiet riat 'olt, art I riiligl\ damrped. liuririg puerioud, of \%Inid

re iiot iii. hiii\e\ er. liet ui-ill.%\%(eIl sij ud.irfi la.\ er of k~ater re-I ratifi-. all~iuvi"

Ileor -ijrfi( 'licair- Iii lie s~iupprtedl. anid titu orlii o of t li( sio'ar- lricruasi - (ralniall

i C11 . I or( '8. I t rest ratificat iori oucu rs ri orijl itl it nfiraiiur ( Fig 7.15 -)I ut also, M

,cthiwu .t lief see-lIi fromni lie it\ d rigrapim d ata it F lei~lIt Ie]i. Gilliert and

Ii cer I (Ps: so. for t ill site.. ad)vectioli p luii siipplviliied fYN local surface heitl1g(l

liur t a t1rown iig -lfiat ,ignitire Ii tit( deriit , Field during relaxation v('its . \\hen lilt,

d -ll I riict ijre i> prvse lit . st row, g vent ical siwar cdl lie sup port 'd . anid are observ.ed.

il ruar I lif siirf~ee '-t rong hevar-siu rfaoc rr ](al sheair I s u s ia IlI associated \%It h ,-t rotig

li( f~(iing,. noit ).N it Ii it- ali-eree 'Iii'ller is (irienrirted Ili mtoiliis with diurnial

'11Wu eriVIiurnal pirloir-. siigesig i dal lIwo ir1g.

I.\atlirat mi of fe-at Ire- secii during relaxat joilt v it', has provided Insight 'into

Pc ;uIt of roi m t ll it In11 i liaml c. I, t hil, ION i sect loti. %v e shal x ii features .kich

Ilia% liaue irlportnril to I ill% ~a \,I i\%I I111as in whch tris- hat sat an i Id iu t i IclitIs atre ex chiIang ed

h(et% vti -Iit , i itiI ai d o flis i uure(% oer

7..Jet Surveys, July 1981 and July 1982

TheI featuire, iti t h( (01). tnitaslirelrueti " hih liaxe drawnr the( rmost interest

10 riI t rolrinetuI tngues of' coi %i l x fotr. a part liularlxN act Ive t.'xarniple of which is- Shiom.

I i 1g. 7. 1 (). First tlistrveil In satllilte iriager\ (lertistirui. ct ual. 1972. lirtoktr arid] (;I-

lid PI 'I iigani, f til. 19),1. hell\ 198 rloe fealtures cani txtetnd fromi t ie( coastal

* iilmcllitg /()le to sevtral hundred kliloneltrs offsfiort'. In tile, cxaruplt- showni at least .1

-I rori-_ I ilul-%k,ov r band, arn vevii lie h( 0 ki stirtci oif coastlito- fromn (apit \lerdoi-

PtlmI, ' ( muic( l ol, Thie puiterit alil itrrnuraricE of t liese. st I i re toi t lie cross-shiire-

rruli-~- atuil l(oat hilnu - l- lueeri rtilled bu\ Di)l I 11 b lh). If t hese triodes oif propert\

t ranspourt ire sriicu i icier I rari-ierit nat un- anid stronig spatial variahilit\ Iipl\ that

ali unriiersratudirig of stiuLl~lae based ('1 iioiirei ((ala 01(110 \&ill bu dhifficult. at best.

'Ill earll.-t Fituditig- in tie( Firs! %%vvk- of COE 0lf- vitli both D)AL (Figs. 7.1-7.4)

atid surfau-( drift er, ( I )i I- . (,81' re t hiat linitxp-ct edI% large, cross-shelf ciurrets ()il

it rr( )%% sidle- etc a-sio at rid A it ItI t h oldh %N attvr zoties (observed IiI t(e sattllite cirriagels

3 if KehIl' 191,I2 it r. a i~ r-t. v. o urndid-nulo D)AL and li.i drograpliic surveys oif Ihe( cold



%k i I,, ifit ifres I , .1 i tif l ) I l f~ill ag ~ i 1i, i I [. lifl I y "2. rl I ri I()i t - Ifo Iit( 19 1 -ifir ty

%% t'rt' rifanf )y .arm Iii I t' ycr a I I ir iii lt )1i % cra ot ( )'l l fin .drfgrpix ,. ali 1 "lff(li(!

Ir tr iitfortu ithl ion! ii"~(lIfI if icr ('iL-fp fIaif It,,itit ,u it fIf f'' iit i I -'I- "x vt pfro\ idtif ly Kai tiry m

kI II f )i- l If it I . i I f II it ( nd i x f I it I s1 r- Ifif f, Lary II x (' i rca f \I :-; fli . I if-I I(

lPivrrf I- lauinii: . liot \\ ii~titirij 1ftf Larry A'ruuii of '-I() ( iitifjfrxi Itterimii-a~luiifgraphf.

\It hliigli t Imt at I v' grI'Oii'i - ritinor,\ itil cest> wfi ii siniall t~Ii c l iin\I i lfro(St ese I If(

fI loni dlif.- offIh- lit't i %k ;II r t raft i res. I hir satellit'c inge- andI~ uijicr%'aydx fa Ii

ahiltxxti tutit inof f it , : i\ t I dat hg of surx ex st rat egies, for. andiiI( f't it tom iijrI r~atld-

fig, (dt. Ilit ftit'--fSF(iit "- Fill I ir(,- \% l itu me( I it' lpritiarx int crest iof I it( l)A 1. adf lix (I ro-

\Iait- ( iff ii-rtitt a t i 2, flt'f i fronlt I it(' t\% o siir\vxs t It( First ( (,fillifct(( if

I- 1 u k I iix c( Id if "t ffif T. 22-2 lix I 9s2. arc lIjo\% n. it igs. .I17 atif7i .I . Hit 1,

Ui Fx C x -t I"" ; itrgu I, I ol: v at t' ridring on. x*ry sxxift (ill t 77i ( it, sti otffhifr

F(\ xx ( ). , til %\ (If ft( tf f' i I tidi' \x at vi hie- t ix 'a rd It ii(' nit t erni vdpg . !-onit' ex

fit'! ft Iirt'f'iri l iit? !)it ki~ I if\%arfl tit ( i)a-t if, I htt sotl hrr (jiffist- pofrtioni (ft I If to ni

-. 1 1 iii I lt 19), 1 suirx ,\ I lirtt'Ii lftrftial ni'tiiihication1) lias noted tisi' re('irciii-

Iwi I 'ctquIIt'ta Ili lf hi 'Iii irtiogt- t'tr t it'- ll"'2 sur\ vy : arifort uniatelx im 19?"2 ofit' il,

.i It I: t~iiii ril , dlid t ,I (,fil t e ifft, v'ittigt. '-l It I of sairrip)le t his regon.

'i'( sirx tx (ft 2'--2(, .liy 1 !0,2 x ie it, lit iliort' tsfi(''s~ l at obtIainfing sct('ion of
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I(Iig.7.2 Sariii as Fig 7.1. except for shi ip sur ~of 2 M~ax ]SO U((1 6 Ma\ 0)330. ]!),,1

ad\OA AC imlage from 6 Max 03-15. Sur~e .\as made durinig a period of sustained
st rorig eq uat ormard winds. (Fig. 6.1). Compare %&I I h I)a~i!V Fig. 5 (1 984a).
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Fig. 7A. Ship sur~'e% from 23 M~ay 0100 to 25 May 0600. 1981. NOAAb image fronm
20 \1a. 155(0 (sarne as Fig. 7.3).



Fig. ~ ~ ~ ~ ~ ~ ~ ... 7. i ure rm 20Arl1(K o2 p 10 196.o ToA image2.0

from 24 April 2210 (not~e delay from surveN time). This flow, occurred during a cessation

of winds following a period of strong sotwr idfrig n sdsusdin
Section 7.3.
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Fig.7.0 Shi sure rom22 pril140 to24 P 110 148. TOAA im4age3

from 24 April 2210 (sdmne as Fig7.)



F 7.

9 Jul 2211

%-



901

Fig, 7.S "46ip surve , frornI I1 .Jil% 1100 to 13~ JuIk 1400. 1982. NOAA7 image from
9 Jul. 2211 (samei as Fig. 7.7),



Fig. 7.9 Ship survey fromn 14 Ji 1400) to 16 July 0920. 1982. NOAA7 image fromi
14 July 2254. Wind forcing was very strong and increasing during the surveN period.
Aote the strong current magnitudes and shears across the northern transects.
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Fig. 7.10 : Ship survey from 16 July 1730 to 18 July 0845. 1982. NOAA7 image from
15 Jul. 2241. Survey was performed from south to north: winds were strong to
nioderate along the Central and North lines, but had calmed to airs during the surveys
of the Arena and Irish Gulch lines. Northward flow at the inshore ends of the CTD
lines is seen. although the floA at the offshore end of the two northern lines remains
strong and strongl sheared. Note the developing eddy along the North line.
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Fig. 7.1 1 Ship surxeN froiri 19 July 1900 to 22 July 0400. 1982. .NOAA7 image front
22 JulN 2259. Winds were calm during the survey of southern 3 lines. but were
moderate to strong along the northern 3 lines. The eddy along the North line has
developed strongly. D~avis (1983) shows tracks of surface drifters which circulated in this
cddxN for a week a rid more. inaking several circuits.
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Fig. 7.13 Alongshore current v(x) at 28m for the 4 Central line occupations from
20-24 April.
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Fig. A.] Central Line occupations vs. day of year.

- -, - • . X: . . . ."- - -



Ap jpenldix

Tfjji app!idi.\ tiiow il 1iI ~da.\ of li)k Near) al N\[i D)AL (lata xcem col-
le(1 ed ai (ach h.\ (Irograpliic( Statloi, sihowniiIn Fig. 6.1.()cUpa oi separate(d b\ less:

thlar, I da\ arc nri sho% ii.
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* T-S diagram for jet survey, 2D4/08:15 to 206/19.30

141

1 5 ..Pk 1 1

14

* 13

3233 34

Fig. 7.20 T-S diagram from urider% thcrmosalinograph during Jet survey (data
kindly made available bN Pierre Flamerit. Libe Washburn and Larry Armi). Sampling
depth is approximately 5m.
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F FIg. 1.19 Ship track during 1982 offshore surveN. indicatinrg locationS Of sect ionS
* . t hrough the coldl w~ater tongue. Clouds obscured the area during lie act ual survey tinme.
* arid thu locat ion of the front and detailed st ructuire of thei teniperature field were not

available fromn sat ellite lit.
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1:ig. 7.17 Ciurrents ai 2S8m depth fromt offshore surveN of 4-101 J1ulv 1981. overplot ted
on NOA.A6 H? image of sea surfacev temperatuore from S July.
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Fig. A.2 Elk Line occupations vs. day of year.
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Fig. A.3 Irish Gulch Line occupations vs. day of year.
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Fig. A.4 Arena Line occupations vs. day of year.
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Fig. A.5 North Line occupations vs. da\ of year.
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Fig. A.6 Ross Line occupations vs. day of year.
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Fig. A • Fift% Fathom Line occupations vs. day of year.
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Fig. A.8 Hundred Fathom Line occupations vs. day of year.
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